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Preface to the Second Edition 


It is gratifying to learn that there is new life in an old field that has been at 
the center of one’s existence for over a quarter of a century. It is particularly 
pleasing that the subject of Riemann surfaces has attracted the attention of 
a new generation of mathematicians from (newly) adjacent fields (for 
example, those interested in hyperbolic manifolds and iterations of rational 
maps) and young physicists who have been convinced (certainly not by 
mathematicians) that compact Riemann surfaces may play an important 
role in their (string) universe. We hope that non-mathematicians as well 
as mathematicians (working in nearby areas to the central topic of this 
book) will also learn part of this subject for the sheer beauty and elegance 
of the material (work of Weierstrass, Jacobi, Riemann, Hilbert, Weyl) 
and as healthy exposure to the way (some) mathematicians write about 
mathematics. 

We had intended a more comprehensive revision, including a fuller 
treatment of moduli problems and theta functions. Pressure of other 
commitments would have substantially delayed (by years) the appearance of 
the book we wanted to produce. We have chosen instead to make a few 
modest additions and to correct a number of errors. We are grateful to the 
readers who pointed out some of our mistakes in the first edition; the 
responsibility for the remaining mistakes carried over from the first edition 
and for any new ones introduced into the second edition remains with the 
authors. 


June 1991 
Jerusalem H.M. FARKAS 
and and 


Stony Brook I. KRA 
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Preface to the First Edition 


The present volume is the culmination of ten years’ work separately and joint- 
ly. The idea of writing this book began with a set of notes for a course given 
by one of the authors in 1970—1971 at the Hebrew University. The notes 
were refined several times and used as the basic content of courses given sub- 
sequently by each of the authors at the State University of New York at 
Stony Brook and the Hebrew University. 

In this book we present the theory of Riemann surfaces and its many dif- 
ferent facets. We begin from the most elementary aspects and try to bring the 
reader up to the frontier of present-day research. We treat both open and 
closed surfaces in this book, but our main emphasis is on the compact case. 
In fact, Chapters III, V, VI, and VII deal exclusively with compact surfaces. 
Chapters I and II are preparatory, and Chapter IV deals with uniformization. 

All works on Riemann surfaces go back to the fundamental results of Rie- 
mann, Jacobi, Abel, Weierstrass, etc. Our book is no exception. In addition 
to our debt to these mathematicians of a previous era, the present work has 
been influenced by many contemporary mathematicians. 

At the outset we record our indebtedness to our teachers Lipman Bers and 
Harry Ernest Rauch, who taught us a great deal of what we know about this 
subject, and who along with Lars V. Ahlfors are responsible for the modern 
rebirth of the theory of Riemann surfaces. Second, we record our gratitude 
to our colleagues whose theorems we have freely written down without attri- 
bution. In particular, some of the material in Chapter III is the work of 
Henrik H. Martens, and some of the material in Chapters V and VI ultimately 
goes back to Robert D. M. Accola and Joseph Lewittes. 

We thank several colleagues who have read and criticized earlier versions 
of the manuscript and made many helpful suggestions: Bernard Maskit, 
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Henry Laufer, Uri Srebro, Albert Marden, and Frederick P. Gardiner. The 
errors in the final version are, however, due only to the authors. We also 
thank the secretaries who typed the various versions: Carole Alberghine and 
Estella Shivers. 


August 1979 H.M. FARKAS I. KRA 
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CHAPTER 0 
An Overview 


The theory of Riemann surfaces lies in the intersection of many important 
areas of mathematics. Aside from being an important field of study in its 
own right, it has long been a source of inspiration, intuition, and examples 
for many branches of mathematics. These include complex manifolds, Lie 
groups, algebraic number theory, harmonic analysis, abelian varieties, alge- 
braic topology. 

The development of the theory of Riemann surfaces consists of at least 
three parts: a topological part, an algebraic part, and an analytic part. In 
this chapter, we shall try to outline how Riemann surfaces appear quite 
naturally in different guises, list some of the most important problems to 
be treated in this book, and discuss the solutions. 

As the title indicates, this chapter is a survey of results. Many of the 
statements are major theorems. We have indicated at the end of most 
paragraphs a reference to subsequent chapters where the theorem in question 
is proven or a fuller discussion of the given topic may be found. For some 
easily verifiable claims a (kind of) proof has been supplied. This chapter 
has been written for the reader who wishes to get an idea of the scope of 
the book before entering into details. It can be skipped, since it is independent 
of the formal development of the material. This chapter is intended primarily 
for the mathematician who knows other areas of mathematics and is inter- 
ested in finding out what the theory of Riemann surfaces contains. The 
graduate student who is familiar only with first year courses in algebra, 
analysis (real and complex), and algebraic topology should probably skip 
most of this chapter and periodically return to it. 

We, of course, begin with a definition: A Riemann surface is a complex 
1-dimensional connected (analytic) manifold. 
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0.1. Topological Aspects, Uniformization, 
and Fuchsian Groups 


Given a connected topological manifold M (which in our case is a Riemann 
surface), one can always construct a new manifold M known as the universal 
covering manifold of M. The manifold M has the following properties: 


1. There is a surjective local homeomorphism 2:M > M. 

2. The manifold M is simply connected; that is, the fundamental group of 
M is trivial (x,(M) = {1}). 

3. Every closed curve which is not homotopically trivial on M lifts to an 
open curve on M, and the curve on M is uniquely determined by the 
curve on M and the point lying over its initial point. 


In fact one can say a lot more. If M* is any covering manifold of M, then 
m™(M*) is isomorphic to a subgroup of 2,(M). The covering manifolds of 
M are in bijective correspondence with conjugacy classes of subgroups of 
™,(M). In this setting, M corresponds to the trivial subgroup of 2,(M). 
Furthermore, in the case that the subgroup N of 2,(M) is normal, there is 
a group G = 7,(M)/N of fixed point free automorphisms of M* such that 
M*/G = M. Once again in the case of the universal covering manifold M, 
G = 7,(M). (1.2.4; IV.5.6) 

If we now make the assumption that M is a Riemann surface, then it is 
not hard to introduce a Riemann surface structure on any M* in such a 
way that the map 2:M* > M becomes a holomorphic mapping between 
Riemann surfaces and G becomes a group of holomorphic self-mappings of 
M* such that M*/G = M. (IV.5.5-IV.5.7) 

It is at this point that some analysis has to intervene. It is necessary to 
find all the simply connected Riemann surfaces. The result is both beautiful 
and elegant. There are exactly three conformally (= complex analytically) 
distinct simply connected Riemann surfaces. One of these is compact, it is 
conformally equivalent to the sphere C U {00}. The non-compact simply 
connected Riemann surfaces are conformally equivalent to either the upper 
half plane U or the entire plane C. (IV.4) 

It thus follows from what we have said before that studying Riemann 
surfaces is essentially the same as studying fixed point free discontinuous 
groups of holomorphic self mappings of D, where D is either C U {oo}, C, 
or U. (IV.5.5) 

The simplest case occurs when D = C u {œ}. Since every non-trivial 
holomorphic self map of Cu {co} has at least one fixed point, only the 
sphere covers the sphere. (IV.6.3) 

The holomorphic fixed point free self maps of C are of the form 
zt+z + b, with be C. An analysis of the various possibilities shows that a 
discontinuous subgroup of this group is either trivial or cyclic on one (free) 
generator or a free abelian group with two generators. The first case 
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corresponds to M = C. The case of one generator corresponds to a cylinder 
which is conformally the same as a twice punctured sphere. Finally, the case 
of two generators z œZ + œ;, ZZ + œ, with w,/w, =t and Imt>0 
(without loss of generality) corresponds to a torus. We consider the case 
involving two generators. This is an extremely important example. It 
motivates a lot of future developments. The group G is to consist of 
mappings of the form 


na 5 SP ar AA 


where t e C is fixed with Im t > 0, and m and n vary over the integers. (This 
involves no loss of generality, because conjugating G in the automorphism 
group of C does not change the complex structure.) If we consider the 
closed parallelogram ⁄ with vertices 0, 1, 1 + t, and t as shown in Figure 0.1, 
then we see that 


1. no two points of the interior of .@ are identified under G, 

2. every point of C is identified to at least one point of ⁄ (M is closed), and 

3. each interior point on the line a (respectively, b) is identified with a unique 
point on the line a’ (respectively, b’). 


From these considerations, it follows rather easily that C/G is æ with the 
points on the boundary identified or just a torus. (IV.6.4) 

These tori already exhibit a very important phenomenon. Every t e C, 
with Im t > 0, determines a unique torus and every torus is constructed as 
above. Given two such points t and t’, when do they determine the same 
torus? This is the simplest illustration of the general problem of moduli of 
Riemann surfaces. (IV.7.3; VII.4) 

The most interesting Riemann surfaces have the upper half plane as 
universal covering space. The holomorphic self-mappings of U are zt> 
(az + b)/(cz + d) with (a,b,c,d) € R and det[? 5] > 0. We can normalize so 
that ad — bc = 1. When we do this, the condition that the mapping be 
fixed point free is that |a + d| > 2. It turns out that for subgroups of the 
group of automorphisms of U, Aut U, the concepts of discontinuity and 
discreteness agree. Hence the Riemann surfaces with universal covering 
space U (and these are almost all the Riemann surfaces!) are precisely U/G 
for discrete fixed point free subgroups G of Aut U. In this case, it turns out 
that there exists a non-Euclidean (possibly with infinitely many sides and 


| 
T q 14+T 
Im z=O---—-- os ete 
Re z=0 


Figure 0.1 
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possibly open) polygon contained in U and that U/G is obtained by certain 
identifications on the boundary of the polygon. (IV.5 and IV.9) 

We thus see that via the topological theory of covering spaces, the study 
of Riemann surfaces is essentially the same as the study of fixed point free 
discrete subgroups of Aut U, which is the canonical example of a Lie group, 
SL(2,R)/ £1. 

It turns out that the Riemann surfaces U/G are quite different from those 
with C as their holomorphic universal covering space. For example, a 
(topological) torus cannot have U as its holomorphic universal covering 
space. (III.6.3; III.6.4; IV.6) 

Because we are mainly interested in analysis and because our objects of 
study have low dimensions, we shall also consider branched (= ramified) 
covering manifolds. The theory for this wider class of objects parallels the 
development outlined above. (IV.9) 

In order to obtain a clearer picture of what is going on let us return to the 
situation mentioned previously where M = C and G is generated by zh 
z+1,z++z+1, witht e U. We see immediately that dz, since it is invariant 
under G, is a holomorphic differential on the torus C/G. (Functions cannot 
be integrated on Riemann surfaces. The search for objects to integrate 
leads naturally to differential forms.) In fact, dz is the only holomorphic 
differential on the torus, up to multiplication by constants. Hence, given 
any point z € C there is a point P in the torus and a path c from 0 to that 
point P such that z is obtained by integrating dz from 0 to P along c. Now 
this remark is trivial when the torus is viewed in the above way; however, 
let us now take a different point of view. 
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Let us return to the torus constructed in the previous section. The mero- 
morphic functions on this torus are the elliptic (doubly periodic) functions 
with periods 1, t. The canonical example here is the Weierstrass -function 
with periods 1, t: 


1 1 1 
p(z) =-=; + = 
z ee (z —-n-m)} (n+ =) 


(n,m) € Z2 
The -function satisfies the differential equation 
P? =4(9 — eip — e,)(~ — e3). 


The points e; can be identified as 


Pea Ake PEA AE = pan 
1 APIE pe 4)? Zo AG) 2 z 
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It is important to observe that g’ is again an elliptic function; hence a 
meromorphic function on the torus. If we now write w = Py 297 we 
obtain 

w? = 4(z — e1)(z — e,)(z — e3), 


and we see that w is an algebraic function of z. The Riemann surface on 
which w is a single valued meromorphic function is the two-sheeted branched 
cover of the sphere branched over z = é;,j = 1, 2, 3, and z = oo. Now it is 
not difficult to show that on this surface dz/w is a holomorphic differential. 
Once again, given any point z in the plane there is a point P on the surface 
and a path c from œ to P such that z is the result of integrating the holo- 
morphic differential dz/w from œ to P. That this is true follows at once by 
letting z = (č). So we are really once again back in the situation discussed 
at the end of the previous section. This has, however, led us to another 
way of constructing Riemann surfaces. 

Consider an irreducible polynomial P(z,w) and with it the set S = {(z,w) € 
C?; P(z,w) = 0}. It is easy to show that most points of S are manifold points 
and that after modifying the singular points and adding some points at 
infinity, S is the Riemann surface on which w is an algebraic function of z; 
and S can be represented as an n-sheeted branched cover of C U {co}, where 
n is the degree of P as a polynomial in w. The branch points of S alluded to 
above, and the points lying over infinity are the points which need to be 
added to make S compact. (IV.11.4-IV.11.11) 

In the case of the torus discussed above, we started with a compact 
Riemann surface and found that the surface was the Riemann surface of an 
algebraic function. The same result holds for any compact Riemann surface. 
More precisely, given a compact Riemann surface (other than C U {co}) 
there are functions w and z on the surface which satisfy an irreducible 
polynomial P(z,w) = 0. Hence every compact Riemann surface is the 
Riemann surface of an algebraic function. Another way of saying the pre- 
ceding is as follows: We saw in the case of the torus that the field of elliptic 
functions completely determined the torus up to conformal equivalence. 
If M is any compact Riemann surface and #(M) is the field of meromorphic 
functions on M we can ask whether the field has a strictly algebraic charac- 
terization and whether the field determines M up to conformal equivalence. 
Now if 

Jf:M>N 


is a conformal map between Riemann surfaces M and N, then 
f*: 4(N) > X (M) 
defined by 
F*p=o°f, pe X(N), 


is an isomorphism of X(N) into #(M) which preserves constants. If M and 
N are conformally equivalent (that is, if the function f above, has an analytic 
inverse), then, of course, the fields #(M) and X(N) are isomorphic. If, 
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conversely, 9: #(N) > X (M) is an isomorphism which preserves constants, 
then there is an f such that Og = f*@, and M can be recovered from #(M) 
in a purely algebraic manner. The above remarks hold as well in the case 
of non-compact surfaces. The compact case has the additional feature that 
the field of meromorphic functions can be characterized as an algebraic 
function field in one variable; that is, an algebraic extension of a transcen- 
dental extension of C. (IV.11.10) 


0.3. Abelian Varieties 


Every torus is a compact abelian group. When we view the torus as C/G 
where G is the group generated by z > z + 1, z+» z +t, addition of points 
is clearly well-defined modulo m + nt with m, n e Z. What can we say about 
other compact surfaces? The only two compact surfaces we have actually 
seen are the sphere and the torus. The sphere is said to have genus zero 
and the torus genus one. In general a compact surface is said to have genus 
g, if its Euler characteristic is 2 — 2g. Examples of compact Riemann surfaces 
of genus g are the surfaces of the algebraic functions 


29+2 


w= [| z-e) ej #e,forj#k. 
j=1 


We will show that on the above surfaces of genus g, the g differentials 
dz/w,...,27~' dz/w are linearly independent holomorphic differentials. In 
fact, on any compact surface M of genus g, dim #1(M) = g, where #}(M) 
is the vector space of holomorphic differentials on M. Furthermore, the 
rank of the first homology group (with integral coefficients) on such a sur- 
face iS Vib Leta), eed os sas b, be a canonical homology basis on M. 
It is possible to choose a basis @,,..., P, of X *(M) so that is, Py = Ök 
(= Kronecker delta). 
In this case the matrix 


II = (Tik), Tik = fa Px 


is symmetric with positive definite imaginary part. It then follows that C’ 
factored by the group of translations of C° generated by the columns of 
the matrix (I,IT) is a complex g-torus and a compact abelian group. Hence 
we will see that each compact surface of genus g has associated with it a 
compact abelian group. (III.6) 

In the case of g = 1, we saw that choosing a base point on the surface 
and integrating the holomorphic differentials from the base point to a 
variable point P on the surface gave an injective analytic map of the Riemann 
surface onto the torus. In the case of g > 1 we have an injective map into 
the torus by again choosing a base point on the surface and integrating the 
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vector differential ® =(¢,,... P) from a fixed base point to a variable 
point P. In this case the map cannot, of course, be surjective. If we want to 
obtain a surjective map, we must map unordered g-tuples of points into the 
torus by sending (P,,... »P,) into the sum of the images of the points P,. 
This result is called the Jacobi inversion theorem. Two proofs of this theorem 
will be found in this book; one of them using the theory of Riemann’s theta 
function. (III.6.6; VI.4.4) 

A complex torus is called an abelian variety when the g x 2g matrix 
(A,B), whose columns are the generators for the lattice defining the torus, 
has associated with it a 2g x 2g rational skew symmetric matrix P with the 


property that 
‘A 
A,B)P = 
amei) 


i ʻA 
aBe( 5) 


is positive definite. In this case one can demonstrate the existence of multi- 
plicative holomorphic functions. These functions then embed the torus as 
an algebraic variety in projective space. In our case the matrix P can always 
be chosen as the intersection matrix of the cycles in the canonical homology 
basis; that is, [_? 4]. 


and 
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The most important tools in studying (compact) Riemann surfaces are the 
meromorphic functions on them. All surfaces carry meromorphic functions. 
(IES 351317) 

What kind of singularities can a meromorphic function on a compact 
surface have? The answer is supplied by the Riemann-Roch theorem. 
(111.4.8 -I11.4.11; 1V.10) 

We finish this introductory chapter with one last remark. Let M be a 
compact Riemann surface. Assume that M is not the sphere nor a torus; 
that is, a surface of genus g > 2. For each point P € M, we construct a se- 
quence of positive integers 


Wi SS Vass © Oo eae SS ee, 


as follows: v, appears in the list if and only if there exists a meromorphic 
function on M which is regular (holomorphic) on M\{P} and has a pole 
of order v, at P. Question: What do these sequences look like? Answer: 
For all but finitely many points the sequence is 


gt+1,g+2,9+3,.... 
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The finite number of exceptions are the Weierstrass points; they carry a 
lot of information about the surface M. One of the fascinating aspects of 
the study of Riemann surfaces is the ability to obtain such precise information 
on our objects. (III.5) 

We shall see how to use the existence of these Weierstrass points in order 
to conclude that Aut M is always finite for g > 2. (V.1) 

Another object of study which is extremely important is the Jacobian 
variety J(M). It, together with the theory of Riemann’s theta function, also 
is a source of much information concerning M. (III.6; I.8; U1.11; VI; VII) 


CHAPTER I 
Riemann Surfaces 


In this chapter we define and give the simplest examples of Riemann surfaces. 
We derive some basic properties of Riemann surfaces and of holomorphic 
maps between compact surfaces. We assume the reader is familiar with the 
elementary concepts in algebraic-topology and differential-geometry needed 
for the study of Riemann surfaces. To establish notation, these concepts 
are reviewed. The necessary surface topology is discussed. In later chapters 
we will show how the complex structure can help obtain many of the needed 
results about surface topology. The chapter ends with a development of 
various integration formulae. 


I.1. Definitions and Examples 


We begin with a formal definition of a Riemann surface and give the simplest 
examples: the complex plane C, the extended complex plane or Riemann 
sphere Ĉ = C ùu {co}, and finally any open connected subset of a Riemann 
surface. We define what is meant by a holomorphic mapping between 
Riemann surfaces and prove that if f is a holomorphic map from a Riemann 
surface M to a Riemann surface N, with M compact, then f is either constant 
or surjective. Further, in this case, f is a finite sheeted ramified covering map. 


[.1.1. A Riemann surface is a one-complex-dimensional connected com- 
plex analytic manifold; that is, a two-real-dimensional connected manifold 
M with a maximal set of charts {U,,z,},-4 On M (that is, the {U,',. 4 COn- 
stitute an open cover of M and 


Zac (1.1.1) 
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is a homeomorphism onto an open subset of the complex plane C) such that 
the transition functions 


Sega? ep aA U > 2kU7 Uz) (E2) 


are holomorphic whenever U, ^ Us # Ø. Any set of charts (not necessarily 
maximal) that cover M and satisfy condition (1.1.2) will be called a set of 
analytic coordinate charts. 

The above definition makes sense since the set of holomorphic functions 
forms a pseudogroup under composition. 

Classically, a compact Riemann surface is called closed; while a non- 
compact surface is called open. 


1.1.2. Let M be a one-complex-dimensional connected manifold together 
with two sets of analytic coordinate charts W, = {U „Zajaca; and A, = 
{V,,Wg}pen- We introduce a partial ordering on the set of analytic coordinate 
charts by defining W, > M, if for each « € A, there exists a £ e B such that 


U,<V, and z, = wglu,- 


It now follows by Zorn’s lemma that an arbitrary set of analytic coordinate 
charts can be extended to a maximal set of analytic coordinate charts. Thus 
to define a Riemann surface we need not specify a maximal set of analytic 
coordinate charts, merely a cover by any set of analytic coordinate charts. 


Remark. If M is a Riemann surface and {U,z} is a coordinate on M, then 
for every open set V c U and every function f which is holomorphic and 
injective on z(V), {V,f ° (z|,)} is also a coordinate chart on M. 


1.1.3. Examples. The simplest example of an open Riemann surface is the 
complex plane C. The single coordinate chart (C,id) defines the Riemann 
surface structure on C. 

Given any Riemann surface M, then a domain D (connected open subset) 
on M is also a Riemann surface. The coordinate charts on D are obtained 
by restricting the coordinate charts of M to D. Thus, every domain in C is 
again a Riemann surface. 

The one point compatification, C U {00}, of C (known as the extended 
complex plane or Riemann sphere) is the simplest example of a closed (= com- 
pact) Riemann surface. The charts we use are {U ;,z;}j=1,2 with 


U; =C 
USE (CONOR 
and 


(Here and hereafter we continue to use the usual conventions involving 
meromorphic functions; for example, 1/20 = 0.) The two (non-trivial) tran- 
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sition functions involved are 


Jrj: C\ {0} = C\{0}, kj, ke f = 1,2 
with 
Si i(Z) = 1/z. 


1.1.4. Remark. Coordinate charts are also called local parameters, local 
coordinates, and uniformizing variables. From now on we shall use these 
four terms interchangeably. Furthermore, the local coordinate {U,z} will 
often be identified with the mapping z (when its domain is clear or not mate- 
rial). We can always choose U to be simply connected and f(U) a bounded 
domain in C. In this case U will be called a parametric disc, coordinate disc, 
or uniformizing disc. 


1.1.5. A continuous mapping 
Jf:M >N (1.5.1) 


between Riemann surfaces is called holomorphic or analytic if for every 
local coordinate {U,z} on M and every local coordinate {V,C} on N with 
Un f~ '(V) + Ø, the mapping 


Cefer a Usa CAA 


is holomorphic (as a mapping from C to C). The mapping f is called con- 
formal if it is also one-to-one and onto. In this case (since holomorphic 
mappings are open or map onto a point) 

f i:N->M 
is also conformal. 

A holomorphic mapping into C is called a holomorphic function. A holo- 
morphic mapping into C ù {00}, other than the mapping sending M to oo, 
is called a meromorphic function. The ring (C-algebra) of holomorphic 
functions on M will be denoted by #(M); the field (C-algebra) of mero- 
morphic functions on M, by #(M). The mapping f of (1.5.1) is called 
constant if f(M) is a point. 


Theorem. Let M and N be Riemann surfaces with M compact. Let f:M > N 
be a holomorphic mapping. Then f is either constant or surjective. (In the latter 
case, N is also compact.) In particular, #(M) = C. 


ProoF. If f is not constant, then f(M) is open (because f is an open mapping) 
and compact (because the continuous image of a compact set is compact). 
Thus f(M) is a closed subset of N (since N is Hausdorff). Since M and N are 
connected, f(M) = N. go 


Remark. Since holomorphicity is a local concept, all the usual local properties 
of holomorphic functions can be used. Thus, in addition to the openness 
property of holomorphic mappings used above, we know (for example) that 
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holomorphic mappings satisfy the maximum modulus principle. (The prin- 
ciple can be used to give an alternate proof of the fact that there are no non- 
constant holomorphic functions on compact surfaces.) 


L1.6. Consider a non-constant holomorphic mapping between Riemann 
surfaces given by (1.5.1). Let P e M. Choose local coordinates Z on M van- 
ishing at P and ¢ on N vanishing at f(P). In terms of these local coordinates, 


we can write 
C=f{Q= > az, n> 0, a, #0. 


Thus, we also have (since a non-vanishing holomorphic function on a disc 


has a logarithm) that 
C = 2"h(Z)" = (Zh(Z))", 


where h is holomorphic and h(0) 4 0. Note that Z > Zh(Z) is another local 
coordinate vanishing at P, and in terms of this new coordinate the mapping 
f is given by 

C= 2". (1.6.1) 


We shall say that n (defined as above—this definition is clearly independent 
of the local coordinates used) is the ramification number of f at P or that f takes 
on the value f(P) n-times at P or f has multiplicity n at P. The number (n — 1) 
will be called the branch number of f at P, in symbols b ;(P). 


Proposition. Let f:M — N be a non-constant holomorphic mapping between 
compact Riemann surfaces. There exists a positive integer m such that every 
Q € N is assumed precisely m times on M by f—counting multiplicities; that is, 
for allQeN, 
(b (P) + 1) =m. 
Bef O) 


Proor. For each integer n > 1, let 


DE. fo EN; Y E T n). 
Pe f~'(Q) 
The “normal form” of the mapping f given by (1.6.1) shows that 2, is open 
in N. We show next that it is closed. Let Q = lim,..,, Qp with Q, € Xn. Since 
there are only finitely many points in N that are the images of ramification 
points in M, we may assume that b;(P) = 0 for all Pe f~ '(Q,), each k. Thus 
f~1(Q,) consists of >n distinct points. Let P,,,..., P,, ben points in f~ '(Q,). 
Since M is compact, for each j, there is a subsequence of {P,;} that con- 
verges to a limit P;. We may suppose that it is the entire sequence that 
converges. The points P; need not, of course, be distinct. Clearly f(P;) = Q, 
and since f(P,;) = Q,, it follows (even if the points P; are not distinct) that 
Yipe r-1)(by(P) + 1) =n. Thus each X, is either all of N or empty. Let 
ONE N be arbitrary and let m = Y pe f- 1o (b;(P) + 1). Then 0< m< œ, 
and since Oo € 2m. Zm = N. Since Qo ¢ Lm+1; 2m+1 Must be empty. O 
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Definition. The number m above, will be called the degree of f (= deg f), 
and we will also say that f is an m-sheeted cover of N by M (or that f has m 
sheets). 


Remarks 


1. If f is a non-constant meromorphic function on M, then (the theorem 
asserts that) f has as many zeros as poles. 

2. We have used the fact that (compact) Riemann surfaces are separable, in 
order to conclude that it suffices to work with sequences rather than nets. 
We will establish this in IV.5. 

3. The above considerations have established the fact that a single non- 
constant meromorphic function completely determines the complex structure 
of the Riemann surface. For if f € A(M)\C, and Pe M,andn — 1 = b,(P), 
then a local coordinate vanishing at P is given by 


(er Jie) Veneer P 


and 


tie if f(P) = œ. 


I.1.7. Since an analytic function (on the plane) is smooth (C%), every 
Riemann surface is a differentiable manifold. If {U,z} is a local coordinate 
on the Riemann surface M, then x = Rez, y=Imz (z= x + iy) yield 
smooth local coordinates on U. In I.3 we shall make use of the underlying 
C”-structure of M. 


Remark. Every surface (orientable topological two-real-dimensional mani- 
fold with countable basis for the topology) admits a Riemann surface struc- 
ture. We shall not prove (and not have any use for) this fact in this book. 


I.2. Topology of Riemann Surfaces 


Throughout this section M denotes an orientable two-real-dimensional 
manifold. 

We review the basic notions of surface topology to recall for the reader the 
facts concerning the fundamental group of a manifold and the simplicial 
homology groups. This leads us naturally to the notion of covering manifold 
and finally to the normal forms of compact orientable surfaces. Covering 
manifolds lead us to the monodromy theorem, and the normal forms lead 
us to the Euler—Poincaré formula. As one application of these ideas, we 
establish the Riemann-Hurwitz relation. 


1.2.1. We assume that the reader has been exposed to the general notions 
of surface topology, in particular to the fundamental group and the simplicial 
homology groups. We thus content ourselves with a brief review of these 
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ideas. In this section the word curve on M will mean a continuous map c of 
the closed interval I = [0,1] into M. The point c(0) will be called the initial 
point of the curve, and c(1) will be called the terminal or end point of the 
curve. Furthermore since we shall be primarily interested in compact 
Riemann surfaces, we shall (in general) assume that the manifold is compact, 
triangulable, and orientable. (All Riemann surfaces are triangulable and 
orientable.) 


1.2.2. n, (M) = Fundamental Group of M. If P, Q are two points of M and 
c, and c, are two curves on M with initial point P and terminal point Q, we 
say that c, is homotopic to c, (c; ~ C2) provided there is a continuous map 
h:I x I > M with the properties h(t,0) = c,(t), h(t,1) = c2(t), h(0,u) = P and 
h(1,u) = Q (for all t, ue J). 

If P is now any point of M, we consider all closed curves on M which pass 
through P. This is the same as all curves on M with initial and terminal 
point P. We say that two such curves c,, €, are equivalent whenever they are 
homotopic. The set of equivalence classes of closed curves through P forms a 
group in the obvious manner. The product of the equivalence class of the 
curve c} with the equivalence class of the curve c, is the equivalence class 
of the curve c, followed by c,. The inverse of the equivalence class of the 
curve t }> c(t) is the curve t++c(1 — t). The group of equivalence class so 
constructed is called the fundamental group of M based at P. It is easy to 
see that the fundamental group based at P and the fundamental group 
based at Q are almost canonically isomorphic as groups. The isomorphism 
between these two groups depends only on the homotopy class of the path 
from P to Q. The fundamental group of M, 7,(M), is therefore defined to be 
the fundamental group of M based at P, for any Pe M. For most 
applications, the dependence of z,(M) on the base point P will be irrelevant. 


Remark. It is easy to see that the fundamental group is a topological invariant. 


1.2.3. Homology Groups. In a triangulation of a manifold we call the tri- 
angles two-simplices, the edges one-simplices, and the vertices zero-simplices. 
The orientation on the manifold induces an orientation on the triangles 
which in turn can be used to orient the edges bounding the triangle. An 
edge receives opposite orientation from the two triangles for which it is a 
common side. Further, the vertices {P,,P,,P3,...} can be used to label the 
edges and triangles. Thus <P,,P,> is the oriented edge from the vertex P, 
to P,, and <P,,P,,P,> is the oriented triangle bounded by the oriented 
edges <P,,P,>, <P,,P3>, <P3,P,>. We identify the triangle <P,,P,,P,;> with 
—<P3,P,,P,> and the edge <P,,P,> with —<P,,P,>. An n-chain (n= 
0,1,2) is a finite linear combination of n-simplices with integer coefficients. 
We define an operator ô from n-chains to n—1 chains as follows: For 
n = 0, we define 6¢P> = 0. For n = 1, we define 6<P,,P,> = <P,> — <P>. 
For n= 2, we define ô<Pi P P3) = (P,,P3> — (P,;P3> + <P,,P,>. The 
preceding defines 6 on an n-simplex and we extend the definition to 
n-chains by linearity. 
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It is clear that the set of n-chains forms a group under addition and that 
ò is a group homomorphism of the group of n-chains to the group of (n — 1)- 
chains. We denote the group of n-chains by'C, (Cy= {0} for n> 2) Let 
Z, denote the kernel of 6:C, > C,,-1. Furthermore, let B, denote the image 
of C, 4, in C, under 6. Since 6? = 0, it is clear that B, is a subgroup of Z,, 
and in fact since all groups in sight are abelian, a normal subgroup. It there- 
fore follows that C,,/Z,, is isomorphic to B,_ ,. The group we are interested 
in is, however, H,(M) = H, = Z,,/B,, and we call this group the nth simplicial 
homology group (with integer coefficients). (By definition H, = {0} forn > 2.) 

Let us now denote by [z] the equivalence class in H,, of ze Z,. We shall 
say that [z,],j=1,..., B,, are a basis for H,, provided each element of H, 
can be written as an integral linear combination of the [z;] and provided the 
integral equation fz, oœ;[z;] =0 implies «, = 0. In this case we shall call 
the number £, the nth-Betti number of the triangulated manifold. 

It is very easy to describe the groups Ho and H,, and thus the numbers 
Bo and $3. In fact it is apparent that Bo = 1, and that Ho is isomorphic to the 
integers. As far as H, is concerned, a little thought shows that there are 
exactly two possibilities. If M is compact, then H 2 is isomorphic to the 
integers and f$, = 1. If M is not compact, then H, is trivial and $, = 0. 

The only non-trivial case to consider is H, and f£,. We have seen in the 
previous paragraph that Ho and H, are independent of the triangulation. 
The same is true for H, although this is not at all apparent. One way to see 
this is to recall the fact that H, is isomorphic to the abelianized fundamental 
group. We shall not prove this result here. Granting the result, however, and 
using the normal forms for compact surfaces to be described in 1.2.5, it will 
be easy to compute H (M) and hence £; for compact surfaces M. 


1.2.4. Covering Manifolds. The manifold M* is said to be a (ramified) cover- 
ing manifold of the manifold M provided there is a continuous surjective 
map (called a (ramified) covering map) f:M* > M with the following prop- 
erty: for each P* e M* there exist a local coordinate z* on M* vanishing at 
P*, a local coordinate z on M vanishing at f(P), and an integer n > 0 such 
that f is given by z = z*” in terms of these local coordinates. Here the integer 
n depends only on the point P* e M*. If n > 1, P* is called a branch point of 
order n — 1 or a ramification point of order n. (Compare these definitions with 
those in [.1.6.) If n = 1, for all points P* e M* the cover is called smooth or 
unramified. 


EXAMPLE. Proposition I.1.6 shows that every non-constant holomorphic 
mapping between compact Riemann surfaces is a finite-sheeted (ramified) 
covering map. 


Continuing the general discussion, we call M* an unlimited covering mani- 
fold of M provided that for every curve c on M and every point P* with 
J(P*) = c(0), there exists a curve c* on M* with initial point P* and Heys c 
The curve c* will be called a lift of the curve c. 
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There is a close connection between 2,(M) and the smooth unlimited 
covering manifolds of M. If M* is a smooth unlimited covering manifold of 
M, then 2,(M*) is isomorphic to a subgroup of 2,(M). Conversely, every 
subgroup of 2,(M) determines a smooth unlimited covering manifold M* 
with z,(M*) isomorphic to the given subgroup. (Conjugate subgroups deter- 
mine homeomorphic covers.) 

This is also a good place to recall the monodromy theorem which states: 
Let M* be a smooth unlimited covering manifold of M and c,, c, two curves on 
M which are homotopic. Let c*, c¥ be lifts of c4, C2 with the same initial point. 
Then c* is homotopic to c¥. In particular, the curves cf and c3 must have the 
same end points. 

If M* is a covering manifold of M with covering map f, then a homeo- 
morphism h of M* onto itself with the property that f o h = f is called a 
covering transformation of M*. The set of covering transformations forms 
a group, which is called transitive provided that whenever f(P7) = f(P3) there 
is a covering transformation h which maps P* onto P$. For the smooth unlim- 
ited case, the group of covering transformations is transitive if and only if 
m,(M*) is isomorphic to a normal subgroup of 2,(M) and in this case the 
group of covering transformations is isomorphic to 2,(M)/72,(M*). 

The case where the cover M* is determined by the trivial subgroup of 
m,(M) is of particular importance and is called the universal, simply con- 
nected or homotopy cover of M. It will be denoted by M. We note that the 
universal cover is indeed simply connected (that is, its fundamental group is 
trivial) and that the group G of covering (also called deck) transformations 
is isomorphic to the fundamental group of M. Since this isomorphism will 
be used extensively, we discuss it in some detail. Let p: MM be a 
universal covering map. Let P be a point in M and P a point of M lying 
above P; that is, p(P) = P. Let ~,(M,P) be the fundamental group of M 
based at P. Let c be a curve representing an element of 2,(M,P). Lift the 
curve c to a curve Cs on M with initial point P. Since c is a closed path, the 
terminal point of ¢s projects to P and hence there is a deck transformation 
T,' e G that takes P to the terminal point of č. The map T:c ++ T, is the 
desired isomorphism. Thus by definition 


T.'(P) = end point of é>. 


Note that for any A € G, the lift of a closed curve c through P to a curve 
with initial point A(P) is ča) = A(é), and therefore the terminal point of 
E4(p) 1S just 

A(terminal point of č) 
which is equal to (A o T."')(P). It thus follows that (c1c¢>)p = (či )a(Cr) 7-1) 
and that its terminal point is T}; ' (terminal point of (c,)s) = (T,,' © T,')(P). 
We have therefore shown that 


TET il Ba foe 2 Ba 


and therefore that the map T is a group homomorphism. This map is easily 
seen to be both injective and surjective. We leave it to the reader to verify 
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these facts and to generalize the discussion to a covering corresponding to 
an arbitrary normal subgroup of the fundamental group of M. The reason 
for the appearance of inverses in the definition of the map T should be clear 
to the reader: paths are composed from right to left and maps are 
composed (backwards according to some cultures) from left to right. 

Let us now assume that M is a Riemann surface. Then the definition of 
covering manifold shows that M* has a unique Riemann surface structure 
on it which makes f a holomorphic map. Furthermore, the group of covering 
transformations consists now of conformal self maps of M*. In the converse 
direction things are not quite so simple. If M is a Riemann surface and G is 
a fixed point free group of conformal self maps of M, it is not necessarily 
the case that the orbit space M/G is even a manifold. However, if the group 
G operates discontinuously on M, then M/G is a manifold and can be made 
into a Riemann surface such that the natural map f :M > M/G is an 
analytic map of Riemann surfaces. More details about these ideas will be 
found in IV.5 and IV.9. 


I.2.5. Normal Forms of Compact Orientable Surfaces. Any triangulation of 
a compact manifold is necessarily finite. Using such a triangulation we can 
proceed to simplify the topological model of the manifold. We can map 
successively each triangle in the triangulation onto a Euclidean triangle and 
by auxilliary topological mappings obtain at each stage k, a regular (k + 2)- 
gon, k > 2. This (k + 2)-gon has a certain orientation on its boundary which 
is induced by the orientation on the triangles of the triangulation. When we 
are finished with this process we have an (n + 2)-gon (n being the number of 
triangles in the triangulation). Since each side of this polygon is identified 
with precisely one other side, the polygon has an even number of sides. This 
polygon with the appropriate identifications gives us a topological model 
of the manifold M. 

In order to obtain the normal form we proceed as follows: We start with 
an edge of the triangulation which corresponds to two sides of the polygon. 
The edge can be denoted by <P,Q), where both P and Q correspond to two 
vertices of the polygon. In traversing the boundary of the polygon we cross 
the edge <P,Q> once and the edge <Q,P)» once. We will label one of these 
edges by c and the other by c` +. In this way we can associate a letter with 
each side of the polygon, and call the word obtained by writing the letters in 
the order of traversing the boundary the symbol of the polygon. The re- 
mainder of the game is devoted to simplifying the symbol of the polygon. 

If the sides a and a! follow one another in the polygon, and there is at 
least one other side then you can remove both sides from the symbol and the 
new symbol still is the symbol of a polygon which is a topological model 
for M. 

The polygon’s sides have been labeled and so have the vertices of the 
polygon. We now wish to transform the polygon into a polygon with all 
vertices identified. This is done by cutting up the polygon and pasting in a 
fairly straight forward fashion. To illustrate, suppose we have a vertex Q not 
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identified with a vertex P, as in Figure I.1. Make a cut joining R to P and 
paste back along b to obtain Figure I.2. We note that the number of Q 
vertices has been decreased by one. Continuing, we end up after a finite 
number of steps with a triangulation with all the vertices identified. 


Figure I.1 Figure I.2 


The final simplification we need involves the notion of linked edges. We 
say that a pair of edges a and b are linked if they appear in the symbol of 
the polygon in the order a-:-b---a~!+--b~!---. It is easy to see that 
each edge of the polygon is necessarily linked with some other edge (unless 
we are in the situation that there are only two sides in the polygon). We 
can then transform the polygon, by a cutting and pasting argument simi- 
lar to the one used above so that the linked pair is brought together as 
aba~'b~'. We finally obtain the normal form of the surface. The normal 
form of a compact orientable surface is a polygon whose symbol is aa~! or 
a,b,a;'b;*---a,b,a, +b; '. In the former case we say that the genus of M 
is zero and in the latter case we say that the genus is g. It is clear that gisa 
complete topological invariant for compact orientable surfaces. 

From the normal form we can, of course, reconstruct the original surface 
by a “pasting” process. Figures I.3 and I.4 explain the procedure. 

In particular, a surface of genus g is topologically a sphere with g handles. 
A surface of genus 0 is topologically (also analytically—but this will not be 


di 


er 


b, ay! 


Cj 


Figure 1.4. Surface of genus 2. 
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seen until III.4 or IV.4) a sphere. A surface of genus 1 is topologically a torus. 
There are many complex tori. (In fact, as will be seen in IV.6, a one-complex- 
parameter family of tori.) 

Using the common vertex of the normal form as a base point for the 
fundamental group, one shows that 2,(M) is generated by the 2g closed 


loops aj, ..., ag, bi, ..., b, subject to the single relation a,b,a;'b;? 
a,b,a,'b,' = 1. Hence H,(M) is the free abelian group on the generators 
[a;], [bj], j= 1, ..., g. In particular for a compact surface of genus g, 


H,(M) = Z” and B, = 2g. 


Remark. The “pasting” process is, of course, not uniquely determined by the 
symbol. For example, in the case of genus 1, after joining side a; ' to a}, we 
may twist the resulting cylinder by 27 radians before identifying b; ' with b,. 
The “twisted” surface is, of course, homeomorphic to the “untwisted” one. 
The homeomorphism is known as a Dehn twist. 


Caution. The normal form for the polygon can lead to two different (but, of 
course, equivalent) presentations for 2,(M). For the first form of the 
presentation (the one given above), we must properly interpret the symbol 
of the polygon. For the second presentation, it is helpful to use the 
isomorphism between the fundamental group 7,(M,P), here P is the base 
point for the fundamental group, and the group G of deck transformations 
on the universal cover M. 

To derive the defining relation listed above, let us give the counter- 
clockwise orientation to the boundary of the polygon. Since all the vertices 
are identified on the surface, each side projects to a curve through the same 
point P on M and hence each of the sides a;, b; determines an element 
of 2,(M,P). To see what elements they generate, we let a; (fj) be the 
(homotopy class of the) projection of the side a; (b;) to the surface M. We 
shift our point of view slightly. We can (and indeed will) consider the 
polygon as sitting in M, the universal covering space of M. Hence the sides 
of the polygon can be considered as lifts to M of closed curves on M 
through P. Let z be the initial point of the side a,. It is then obvious that 
a, is a lift of «, from z. In the language of I.2.4, which we will now use, 
a, = 4,,. Now, b; is a lift of £; that starts at the end point of a, rather than 
its initial point. Thus a,b, is a lift of a, $; that starts at z. Similarly, for the 
remaining elements. Thus c = a,b,a{'b;' +: a,b,a,'b,* is a lift of y = 
0,8; 0; 1B; 1 --- «8,0, 1B; ' that starts at z; since c is a closed curve on M, y 
is homotopically trivial. This discussion allows us also to identify a; with a; 
and f; with 5. 

To determine the second form of the presentation of the fundamental 
group suggested by the polygon, we observe that the sides a; and a; * of the 
polygon (sitting in M) project to the same curve on M. Hence there exists 
an element A; e G with A,(a;) = a; '. Similarly, there exists an element B, € G 
with B(b,) = b;*. Let us order the vertices of the normal form of the 
polygon in the counterclockwise direction by Z = Zo, Z1, ..-, Z4g-15 Z4g = Zo- 
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It thus follows that for j= 1, ..., g the elements A; and B, satisfy the 
following conditions: 


A,(Z4j-4) = Zaj-1, A;(Z4j-3) = 24j-2> B;(Z4j-3) = 24; and 
Bj(@aj-2) = Zaj- 
A simple chase of points shows that 
(B, Q Aj! o B o A; j)(Zaj- a= (B; je Aa o B;*)(Z4j-1) 
= (B; o A; *) (Zay-2) = B(Z4;-3) = Z4j. 
It follows that 
Bio Ajo B oA, B,-0.4, 0B, oA, 


fixes the point z) and must be the identity since the covering group acts 
fixed point freely. 

To compare the two presentations (for the covering group, say), let of; l 
(27+) be the motion in G that identifies the initial point of & a; (È, „) with its 
terminal point. Since ~/ = T, and 2, = T; we have the following defining 
new relation for these new generators of the covering group: 


By) 0A, o B,0 db, By! 0 AT! o By o oh. 


We want to express each of these new generators for G in terms of the old 
ones. It is useful to introduce the commutator C of two elements of G as 


C= (B.A = Bo e410. Bo A 
and to let 
= [B;",A;], Goel: 
Observe that 


and 
b= (A;* o B; ' 0 Ajo G_1, 077-0 C, 0 Co) (B;,.)- 


Thus we see that 
end point of & =(Co'o-:-0 G1) Zaza) 
and 
end point of 8, = (C5' o +++ o Go Aj! o Bo As) (gas): 
from which we conclude that 
Ay" = Cot oro C40 Aj! o Bo MMO oi Ci0,Cy 
and 


By! = Cot 0-0 CJA o AJ% 0 Bjo Ajo B+ o Ajo C} oo Cy 0 Cy, 
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The relation for the new generators is hence given in terms of the old 
generators as 
Crees gic. i 


that is, the inverse of the old relation for the old generators. 


1.2.6. Euler—Poincaré. The Euler—Poincaré characteristic y of compact 
surfaces of genus g is given by y = a — a, + &2, where a, is the number of k 
simplices in the triangulation. A triangulation of the normal form gives 
X = 2 — 2g. The Euler—Poincaré characteristic is also given by By — By, + Bo, 
where fi, is the kth Betti number. Thus the computations of the Betti numbers 
in I.2.4 and 1.2.6 yield an alternate verification of the value of X- 


I.2.7. As an application of the topological invariance of the Euler- Poincaré 
characteristic, we establish a beautiful formula relating various topological 
indices connected with a holomorphic mapping between compact surfaces. 


Consider a non-constant holomorphic mapping f : M > N between com- 
pact Riemann surfaces. Assume that M is a compact Riemann surface of 
genus g, N is a compact surface of genus y. Assume that f is of degree n 
(that is, f~'(Q) has cardinality n for almost all Q € N). We define the total 
branching number (recall definition preceding Proposition I.1.6) of f by 


B= Ý bP). 


PeM 
Theorem (Riemann-Hurwitz Relation). We have 


g =n(y — 1) + 1 + B/2. 


Proor. Let S = { f(x); xe M and b,(x) > 0}. Since S is a finite set, we can 
triangulate N so that every point of S is a vertex of the triangulation. Assume 
that this triangulation has F faces, E edges, and V vertices. Lift this triangula- 
tion to M via the mapping f. The induced triangulation of M has nF faces, 
nE edges, and nV — B vertices. We now compute the Euler—Poincaré charac- 
teristic of each surface in two ways: 
F-E+V=2-—-2y 
nF — nE + nV — B = 2 — 29. 
From the above we obtain 
1 — g = n(1 — y) — B/2. o 


1.2.8. We record now (using the same notation as above) several immediate 
consequences. 


Corollary 1. The total branching number B is always even. 


Corollary 2. Assume that f is unramified. Then 
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ag =N and y= O 

b. g= 1 = y= (n arbitrary). 

Cagis = Vi for maul: 
=>g>y>1 forn>1 (and n divides g — 1). 


Corollary 3 


a, Ifg= 0, then y= 0, 
b. If 1 < g = y, then either n = 1 and (thus) B = 0 or g = 1 and (thus) B = 0. 


1.3. Differential Forms 


We assume that the reader is familiar with the theory of integration on a 
differentiable manifold. We briefly review the basic facts (to fix notation), 
and make use of the complex structure on the manifolds under consideration 
to simplify and augment many differential-geometric concepts. The necessity 
of introducing differential forms stems from the desire to have an object 
which we can integrate on the surface. The introduction of 1-forms allows us 
to consider line integrals on the surface, while the introduction of 2-forms 
allows us to consider surface integrals. Various operators on differential 
forms are introduced, and in terms of these operators we define and charac- 
terize different classes of differentials. 


Remark. We shall use interchangeably the terms “form”, “differential”, and 
“differential form”. 


1.3.1. Let M be a Riemann surface. A 0-form on M is a function on M. A 
1-form w on M is an (ordered) assignment of two continuous functions f and 


g to each local coordinate z (=x + iy) on M such that 
fdx+gdy (3215) 


is invariant under coordinate changes; that is, if Z is another local coordinate 
on M and the domain of Z intersects non-trivially the domain of z, and if w 
assigns the functions f, ĝ to Z, then (using matrix notation) 


Ox oy 
FE | 6% ak) f(2(2)) 
5 = ate 
Ra ôx ôy pal ced 
oy oy 


on the intersection of the domains of z and Z. The 2 x 2 matrix appearing in 
(3.1.2) is, of course, the Jacobian matrix of the mapping 7 +> z. 
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A 2-form Q on M is an assignment of a continuous function f to each local 
coordinate z such that 
f dx Ady (3.1.3) 


is invariant under coordinate changes; that is, in terms of the local coordinate 
Z we have 


x olx, y) 


F(Z) = PEE) aes 


(3.1.4) 


where 6(x,y)/0(X,)) is the determinant of the Jacobian. Since we consider 
only holomorphic coordinate changes (3.1.4) has the simple form 


2 


dz 


= 
a 


(3.1.4a) 


1.3.2. Many times it is more convenient to use complex notation for 
(differential) forms. Using the complex analytic coordinate z, a 1-form may 
be written as 

u(z) dz + v(z) dz, (3.2.1) 
where 

dz = dx + i dy, 


(3.2.2) 
dz = dx — i dy, 


and hence comparing with (3.1.1) we see that 
f=u+v, 
g = i(u — v). 
Similarly, a 2-form can be written as 
g(z) dz ^ dZ. 
It follows from (3.2.2) that 
dz ^ dz = —2i dx ^ dy. (3.2.3) 


1.3.3. Remark. To derive (3.2.3), we have made use of the “exterior” multi- 
plication of forms. This multiplication satisfies the conditions: dx ^ dx = 
0 = dy a dy, dx a dy = —dy ^ dx. The product of a k-form and an l-form 
is a k +1 form provided k + I< 2 and is the zero form (still k + l) for 
k+1>2. 

In view of the last remark, we let /\“ denote the vector space of k-forms. 
We see that /\* is a module over /\° and that /“ = {0} for k > 3. Further 


TSN RENN 
is a graded anti-commutative algebra under the obvious multiplication of 
forms. 
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1.3.4. A 0-form can be “integrated”? over 0-chains; that is, over a finite 
set of points. Thus, the “integral” of the function f over the 0-cycle 


SEPA Bese nee Z 


dina f(P.). 


A 1-form @ can be integrated over 1-chains (finite unions of paths). Thus, 
if the piece-wise differentiable path c is contained in a single coordinate disc 
z= x + iy,c:I > M (I = unit interval min and if w is given by (3.1.1), then 


d 
fe = fja x(t), y OF T = + g(x(t), y(t)) dt. 


By the transition formula for œ, (3.1.2), the above integral is independent 
of choice of z, and by compactness the definition can be extended to arbitrary 
piece-wise differentiable paths. 

Similarly, a 2-form Q can be integrated over 2-chains, D. Again, restricting 
to a single coordinate disc (and Q given by (3.1.3)), 


tis oe i p Jœ) dx ^ dy. 


The integral is well defined and extends in an obvious way to arbitrary 
2-chains. 

It is also sometimes necessary to integrate a 2-form Q over a more general 
domain D. If D has compact closure, there is no difficulty involved in extend- 
ing the definition of the integral. For still more general domains D, one must 
use partitions of unity. 


Remark. We will see in IV.5 that evaluation of integrals over domains on an 
arbitrary surface M can always be reduced to considering integrals over 
plane domains. 


1.3.5. For C'-forms (that is, forms whose coefficients are C! functions), we 
introduce the differential operator d. Define 


df = f dx + f,dy 
for C! functions f. For the C! 1-form œ given by (3.1.1) we have (by definition) 
dw = d( f dx) + d(g dy) = df ^a dx + dg ^ dy 


= (fs dx + f, dy) A dx + (gx dx + g, dy) a dy 
= (gx — f,) dx ^ dy. 
For a 2-form Q we, of course, have (again by definition) 
ai) = (): 


The most important fact concerning this operator is contained in Stokes’ 
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theorem. If œ is a C! k-form (k = 0,1,2) and D is a (1 + k)-chain, then 


{le OS iL da. 


(Of course, the only non-trivial case is k = 1.) 
Note also that 
d? = 0, 


whenever d? is defined. 


I.3.6. Up to now we have made use only of the underlying C® structure of 
the Riemann surface M—except, of course, for notational simplifications 
provided by the complex structure. Using complex analytic coordinates we 
introduce two differential operators ô and ð by setting for a C’ function f, 


of =f, dz and Oj = f, dz; 


and setting for a Ct 1-form œ = u dz + v dz, 


ôw = ðu a dz + ðv ^ dz= v, dz dz, 
ðw = u a dz + Ova dZ = u; dZ ^ dz = —u,dz ^ dZ, 
where 
j- = AGE a if,), 
fr=2(f. + if). 
For 2-forms, the operators ô and 6 are defined as the zero operators. 


Recall. The equation f; = 0 is equivalent to the Cauchy—Riemann equations 
for Re f, Im f; that is, f; = 0 if and only if f is holomorphic. 


It is easy to check that the operators on forms we have defined satisfy 


d= +ð. 
It is also easy to see that 


c aoa no EN 


whenever these operators are defined. 


1.3.7. In the previous paragraph the complex structure on M was still 
not used in any essential way. We shall now make essential use of it to define 
the operation of conjugation on smooth (C! or C?—as is necessary) differ- 
ential forms. 

We introduce the conjugation operator * as follows: For a 1-form @ given 
by (3.1.1), we define 


*w = —g dx + f dy. (3.7.1) 


This is the most important case and the only one we shall need in the sequel. 
To define the operator * on functions and 2-forms, we choose a non-vanishing 
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2-form A(z) dx A dy on the surface. (Existence of such a canonical 2-form will 
follows trivially from IV.8.) If f is a function, we set 


*f = f(z)(A(2) dx ^ dy). 
For a 2-form Q, we set 
*Q = Q/2(z) dx ^ dy. 
It is clear that for each k = 0, 1, 2, 
Bes 
and ** = (—1)*. Further, if œ is given in complex notation by (3.2.1), then 
*w = —iu(z) dz + iv(z) dZ. (3.7.2) 


The operation * defined on 1-forms œ has the following geometric inter- 
pretation. If f is a C' function and z(s) = x(s) + iy(s) is the equation of a 
curve parametrized by arc-length, then the differential df has the geometric 
interpretation of being (0f/0t) ds, where Of/0t is the directional derivative of 
f in the direction of the tangent to the curve z. In this context, *df has the 
geometric interpertation of being (@f/0n) ds, where Of/dn is the directional 
derivative of f in the direction of the normal to the curve z. (Note that 
ds = |dz| in this discussion.) 


Remark. The reader should check that the above definitions (for example 
(3.7.1)) are all well defined in the sense that *w is indeed a 1-form (that is, 
it transforms properly under change of local coordinates). 


1.3.8. Our principal interest will be in 1-forms. Henceforth all differential 
forms are assumed to be 1-forms unless otherwise specified. A form w is called 
exact if w = df for some C? function f on M; œ is called co-exact if *@ is 
exact (if and only if œ = *df for some C? function f). We say that w is closed 
provided it is C! and dw = 0: we Say w is co-closed provided *q is closed. 

Note that every exact (co-exact) differential is closed (co-closed). Whereas 
on a simply connected domain, closed (co-closed) differentials are exact 
(co-exact). Hence, closed (co-closed) differentials are locally exact (co-exact). 
If f is a C? function on M, we define the Laplacian of f, Af in local coor- 
dinates by 

Af = (fax + fy) dx A dy. 


The function f is called harmonic provided Af =0. A 1-form @ is harmonic 
provided it is locally given by df with f a harmonic function. 


Remarks 
1. It is easy to compute that for every C? function T: 


-2i dôf = Af = d*df. (3.8.1) 
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2. It must, of course, be verified that the Laplacian operator A is well defined. 
(Here, again, the fact that we are dealing with Riemann surfaces, and not 
just a differentiable surface, is crucial.) 

3. The concept of harmonic function is, of course, a local one. Thus we know 
that locally every real-valued harmonic function is the real part of a 
holomorphic function. Further, real valued harmonic functions satisfy 
the maximum and minimum principle (that is, a non-constant real-valued 
harmonic function does not achieve a maximum nor a minimum at any 
interior point). 


Proposition. A differential w is harmonic if and only if it is closed and co-closed. 


Proor. A harmonic differential is closed (since d? = 0). It is co-closed by 
(3.8.1). Conversely, if œ is closed, then locally w = df with f a C? function. 
Since w is co-closed, d(*df) = 0. Thus, f is harmonic. go 


At this point observe that we have a pairing between the homology group 
H,, and the group of closed n-forms of class C'. This pairing is interesting 
for n = 1, and we describe it only in this case. If c is a 1-cycle and œ% is a closed 
1-form of class C', define ¢c,w> = |... The homology group H; is defined by 
Z,/B,, where Z, is the kernel of 6 and B, is the image of the 2-chains in the 
one chains. The operator d on functions of class C? and differentials of class 
Ct gives rise also to subgroups of the group of closed 1-forms. In particular 
the exact differentials are precisely the image of C? functions (0-forms) in 
the group of 1-forms, and the closed forms themselves are the kernel of d 
operating on C! 1-forms. Hence the quotient of closed 1-forms by exact 
1-forms is a group and we have for compact surfaces a nonsingular pairing 
between H, and this quotient group. We shall soon see that this quotient 
group is isomorphic to the space of harmonic differentials. (See II.3.6.) 


1.3.9. A 1-form q@ is called holomorphic provided that locally œ = df with 
f holomorphic. 


Proposition. a. If u is a harmonic function on M, then Cu is a holomorphic 
differential. 
b. A differential w = udz + vdz is holomorphic if and only if v = 0 and u is 
a holomorphic function (of the local coordinate). 


Proor. If u is harmonic, then ĝôu = 0. Since du = u,dz, we see that u, is 
holomorphic (u,; = 0) and thus it suffices to prove only part (b), which is, 
of course, trivial (since we can integrate power series term by term). iS 


1.3.10. Assume w = udz + vdz is a C! differential. Then (using d = ô + 0) 


we see that 
dw = (uz; — v,) dz ^ dz, 
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and 
d*@ = iu + v,)dz a dz. 


Thus, we see that œ is harmonic if and only if u and 0 are holomorphic. 
Hence, we see that if w is harmonic, there are unique holomorphic differentials 
œw, and w, such that 

w = w; + 02. 


1.3.11. Theorem. A differential form w is holomorphic if and only if œ = « + i*« 
for some harmonic differential «. 
Proor. Assume that « is harmonic. Then 
& = w, + 02 
with œ; (j = 1,2) holomorphic. Thus 
*a = — iw; + iDp. 


Thus, 
wk iša = 20O 


is holomorphic. Conversely, if œ is holomorphic, then œ and @ are harmonic 
and so is 


RoR 
nS 
Further 
—iw — ið 
‘7 = J : 
Thus 
o=a+t i*a. E 


Corollary. A differential œ is holomorphic if and only if it is closed and 
WOREN 


PROOF. The forward implication has already been verified (every holomorphic 
differential is harmonic). For the reverse, note that if œ is given by (3.2.1) 


and *w = —iw, then (3.7.2) implies that œ = udz. Since dw = 0, u is 
holomorphic. m 


I.4. Integration Formulae 


In this section we gather several useful consequences of Stokes’ theorem. 


I.4.1. Theorem (Integration by Parts). Let D be a relatively compact region 
on a Riemann surface M with piecewise differentiable boundary. Let paa 


I.4. Integration Formulae 29 


C` function and w a C! 1-form on a neighborhood of the closure of D. Then 


pto = ff, sdo- ff ond: (4.1.1) 


Proor. Apply Stokes’ theorem to the 1-form fw and observe that d( fœ) = 
fdo+t+dfaa. g 


Corollary 1. If œ is a closed (in particular, holomorphic) 1-form, then (under 
the hypothesis of the theorem) 


an =O: 
6D 


ProoF. Take f to be the constant function with value 1. go 


Corollary 2. Let f be C' function and w a C! 1-form on the Riemann surface 
M. If either f or œw has compact support, then 


ffu sdo- ff ord =0. (4.1.2) 


ProoF. If M is not compact, then take D to be compact and have nice bound- 
ary so that either f or œw vanishes on ôD and use (4.1.1). If M is compact 
cover M by a finite number of disjoint triangles 4;, j = 1,..., n. Over each 
triangle (4.1.1) is valid. We obtain (4.1.2) by noting that 


n 
fo = 0, 
2 6Aj 
since each edge appears in exactly 2 triangles with opposite orientation. [ 


1.4.2. We fix a region D on M. By a measurable 1-form œw on D, we mean 
a 1-form (given in local coordinates by) 


w =udz+uvdz, 


where u and v are measurable functions of the local coordinates. As usual, 
we agree to identify two forms if they coincide almost everywhere (sets of 
Lebesgue measure zero are well defined on M!). We denote by L?(D) the 
complex Hilbert space of 1-forms œ with 


lol = ff orto < œ. (4.2.1) 
Note that in local coordinates 
w ^ *® = i(uu + vd) dz A dz 
= 2(|u|? + |v|?) dx ^ dy. 
We also define the inner product of w,, œ € L?(D) by 


(01,02)p = ff, 1A *@r. (4.2.2) 
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Using obvious notational conventions, we see that 
w1 A *@ = (u,dz + v,dZ) ^ (—iu,dz + iv,dz) = i(ujU, + v,0,)dz A^ dz, 
and thus 
(@1,0@2)p = in, O10 *O> = i ffan, + V1) dz dz 
=] ffu + 0,v2)dzAdz= ff w ^ *0] 


= (@2,@)p, 


as is required for a Hilbert space inner product. Further, 
(*@1,*@2)p = ie *w A —@2 


Z I w2 ^A *0 = (02,01)p = (@1,02)p. 


Remark. Whenever there can be no confusion, the domain D will be dropped 
from the symbols for the norm (4.2.1) and inner products (4.2.2) in L?(D). 


1.4.3. Proposition. Let D be a relatively compact region on M with piecewise 
differentiable boundary. Let o be a C! function and «a C! differential on a 
neighborhood of the closure of D. Then 


(dg,*x) = f if, pdi- oa. (4.3.1) 
ProoF. By Stokes’ theorem 


sp P= ff, do) = ff oda + ffdona 


= Sf, p dx — (dp,*a). o 


I.4.4. Proposition. If ~ and Y are C? functions on a neighborhood of the 
closure of D, then 


(doa) = - ff 940 + f, o". (4.4.1) 
PROOF. By Stokes’ theorem 
i o *dp = fdo *dip) 
= ffdon* w+ ff, pd *dy 
= (dg.dy) + ff, 949. m 
Corollary. We have 


i (9 44 — W Ag) = |. (p *dy — y *do). (4.4.2) 
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Proor. Rewrite (4.4.1) with y replacing y. Rewrite the resulting expression 
by interchanging ọ and y. Subtract one from the other, and use the fact 
that (dep,dy) = (d,d@). oO 


1.4.5. Proposition. We have 
(de,*dy) = — ihe o dy. 


ProoF. The notation is of Proposition 1.4.4. Apply Proposition 1.4.3 with 
a = dw (recall that d? = 0). o 


I.4.6. We apply now the previous results (D is as defined in Proposition 
1.4.3) to analytic differentials. 


Proposition. If ọ is a C! function and œ is closed (in particular, an analytic 
differential) on a neighborhood of the closure of D, then 


| v= || dp A ©. 
ôD D 


Proor. Use (4.3.1) with « = œw and observe that @ is also closed. O 


Corollary. If f and g are C? (in particular, holomorphic functions) on a 
neighborhood of the closure D, then 


[of = -J,, 94: 
Proor. By the proposition 


pf = ffont. 
Also, 
Ion Id = f da adf. o 


1.4.7. Proposition. If f is a holomorphic function and w is a holomorphic dif- 
ferential on a neighborhood of the closure of D, then 


ff no 29 fi Re Po fip m f)o. 
PROOF. Observe that 
fi (Re f ~ilm f)o = fioa 20 


by Cauchy’s theorem (or because d( fw) = 0 since fw is a holomorphic form). 
Thus 

2 fp Ref o= fp Ref + imf ff dfn. 
Thus, also 


2 f, Relif)@ = i ff faa. o 


CHAPTER II 
Existence Theorems 


One way to study Riemann surfaces is through the meromorphic functions 
on them. Our first task is to show that every Riemann surface carries non- 
constant meromorphic functions. We do so by constructing certain harmonic 
differentials (with singularities). From the existence of harmonic differen- 
tials, it is trivial to construct meromorphic differentials. A ratio of two 
linearly independent meromorphic differentials produces a non-constant 
meromorphic function. 

Our basic approach is through the Hilbert space L?(M) introduced in 
1.4.2. It is the key to the existence theorem for harmonic differentials with 
and without singularities. This method should be contrasted with the 
equally powerful method to be developed in Chapter IV. 


II.1. Hilbert Space Theory—A Quick Review 


We need only the first fundamental theorem about Hilbert space: the 
existence of projections onto arbitrary closed subspaces. 


II.1.1. Let H be a (complex) Hilbert space with inner product (-,-) and 
norm ||-||. If F is any subspace of H, then the orthogonal complement of F in 


’ 


Ft = {he H;(f,h) =Oall fe F) 


is a closed subspace of H (hence a Hilbert space). About the only non-trivial 
result on Hilbert spaces that we will need is 
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IL.1.2. Theorem. Let F be a closed subspace of a Hilbert space H. Then every 
h € H can be written uniquely as 


h=f+g 
with f € F, g e F*. Furthermore, f is the unique element of F which minimizes 


|h- o 


| geF. 


II.1.3. Writing f = Ph, we see that we also have the following equivalent 
form of the previous 


Theorem. Let F # {0} be a closed subspace of a Hilbert space H. There 
exists a unique linear mapping 
P:H>F 
satisfying: 
ea VA = i 
b. P? = P (P is a projection), and 
Cavern bo Fo 


The mapping P is called the orthogonal projection onto F. The proofs of 
the above theorems may be found in any of the standard text books on 
Hilbert spaces. 


II.2. Weyl’s Lemma 


We have introduced, in I.4.2, the Hilbert space L?(M) of square integrable 
(measurable) 1-forms on the Riemann surface M. In this section we lay the 
ground-work for characterizing the harmonic differentials in L*(M). The 
characterization is in terms of integrals. We show that a “weak solution” to 
Laplace’s equation is already a harmonic function. The precise meaning of 
the above claim is the content of 


II.2.1. Theorem (Weyl’s Lemma). Let o be a measurable square integrable 
function on the unit disk D. The function @ is harmonic if and only if 


ff, ane (2.1.1) 


for every C” function ņ on D with compact support. 


Remark. In the above theorem, the sentence “g is harmonic” should, of 
course, be replaced by “o is equal almost everywhere (a.e.) to a harmonic 
function”. We will in similar contexts make similar identifications in the 
future. 
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PROOF OF THEOREM. Assume that ọ is harmonic. Let D, = {ze C; |z| < r}, 


and assume that y is supported in D,. Use I(4.4.2) and conclude that 


ffo on — n 4g) = |,, (p*dn —n*dp) =0 (2.1.2) 


(because y and *dy vanish on 6D,). Thus 


If, 24n = ffa 149 =0 (2.1.3) 
HH aN th, p An, (2.1.4) 


and thus the necessity of (2.1.1) is established. 

To prove the converse, we assume first that g is C*. Choosing 0 <r < 1 
as before, we obtain (2.1.2) as a consequence of I(4.4.2), and hence (2.1.3) 
because of (2.1.1). As a consequence of (2.1.4) we may assume r = 1. Equation 
(2.1.3) shows that dg = 0 in D. To verify this claim it clearly suffices to 
consider only real-valued functions @ and yn. Let W(z) = 467@/éz dz. If 
W(Zo) > 0 for some zo € D, we choose a neighborhood U of zo such that 
Cl U (= the closure of U) c D and such that y > Oin U. Select a C” function 
n with n(zo) > 0 and y supported in U. It is clear that for such n, ffon Ag > 0. 
Thus 4g = 0 and ọ is harmonic in D. 

The heart of the matter is to drop the smoothness assumption on @. Fix 
0 < e < $. Construct a real-valued C” (= smooth) function p on the positive 
real axis [0,00) such that 


(because 4o = 0). But 


Yapa i 


MAS “ibe Se: 
and 
pHn=1 a0 <r <e/2. 
(See Figure II.1) 
Set for r > 0, 


1 
w(r) = —— p(r)logr. 
2n 
(See Figure II.2) 


tolr) 
| 


r r 
€/2 € |: <2 € 


Figure II.1 Figure II.2 
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Define on C x C 


-w(|z—¢l) ifz 4, 
0 hee, 
Since log|z — ¢| is a harmonic function of z on C\{C}, y(z, 6) =0 for 


|z — ¢| < «/2 (also for |z — ¢| > e). 
Let u be a C” function with support in D,_,,. Consider 


Wz) = {fo vo, zeC. (2.1.5) 


It is clear that y is a continuous function on C with support in D; -,. Observe 
that we may integrate over C instead of over D, and that by a change of 
variable (after extending u to be zero outside its support) 


= ff oA aes A oy 


Thus 
= z if. oÈ ea J ag 
= Sf. cane + fo 
= fh one Dio ŽE. 
Similarly, 


Fe 7 Le ~ Age nORSE. 


Thus y is C”. We claim that 


faa 
4 ôzôz 


eni 


= -p(2) + ff, 7600 (2.1.6) 


Note that Z 
1 dl Ad 
We) = -5 f eee (C)log|¢ — 2|— 


i ie 2|>e/2 or(|C — z|)u(¢ pecs 


= a(z) + $). 
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Note further that 


hee is a 


E = ff- z|2e/2 y(z,0) (0) 


a Oul gera (2.1.7) 


We have already shown that Aa exists (y is C”). Thus we may compute 
formally. Now 0«/dz can be computed formally without any difficulty (since 
differentiating under the integral sign leads to a Lebesgue integrable function). 
First 


| ee ale shpre ae ER 
a a 
and thus a 
u(t) d ^ dl 
== An eile z| <e/2 Ç =z S 9 (2.1.8) 
That 
A2 
4 =y (2.1.9) 
0z0z 


will follow from 


II.2.2. Lemma (Cauchy’s Integral Formula). Let B be connected open subset 
of C bounded by finitely many C! Jordan curves. If ue C'(Cl B), then for 


ze B, 
2niu(z) = f a +f le gues = dn d? (2.2.1) 


PROOF. Let € > 0 be chosen so that the closed ball of radius ¢ about z is 
contained in B. Let B, be the complement in B of this ball. Start with Stokes’ 


theorem 
(ee - Shale ata the 


B Be 
Figure II.3 Figure II.4 


II.2. Weyl’s Lemma S 


and obtain 


a u(C) | (2n 
IE rdt = [i ota = a u(z + ee") dO. 
Letting ¢ > 0, we obtain (2.2.1). m 


II.2.3. Proof of Weyl’s Lemma (Conclusion). To verify formula (2.1.9), it 


< £/2, and thus that ae 
integral in (2.1.8) extends over C. To check this last claim, define 


v(C) = p2|f— zu), Cec. 


Note that 
ff. ng) ges Si v(C) dC ^ dE 
Kael<e2f — 7 = 3) JJie=zl<e2 Cea Oi 
| | oa ae pity Fe Gal) 
v(f) = w(¢) for |¢ — z| < 6/4, 
and that 


v(¢)=0 for |C — z| > e/2. 


The third integral in (2.3.1) represents a holomorphic function of z, and thus 
the Z-derivative of the first and second integral in (2.3.1) must coincide. So 
now we assume that u has support in |¢ — z| < ¢/2. As before (when we 
computed 0w/CZ), 


A 


OZ 


Pa Eo 


and thus 


Cg Lom pC + zal Ade Wy I uzle + z) dE Adv 
6z0z J i —2i I C —2i 


eee 1 
=< ffs -z — EAA 


Dy C21): 
We now use condition (2.1.1) with y = y (of the previous construction 


via (2.1.5)). Thus we obtain 
0°’ B \ dz ndz 
ell ae \(4 =] ig 


o= [fyo = - ffp em 
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where (4078/6z 0z) is given by (2.1.7). Hence for every C” function u with 
support in D, we have by Fubini’s theorem 


ZA dz d adz Ndz 
Sro me =F = ff oe ff, EMOTE E 


dz ^ dz dt ndl 
= ffo ao ~(z)y(z,C) ee (23.2) 


(In the above D(z) is just another symbol for D, and the (z) is supposed to 
remind the reader that we are integrating with respect to z.) It thus follows 
(because C” functions of compact support are dense in the L? functions) that 


dz Adz z 
lie p(z)y(z,¢) Ta = ọ(¢), ae. Ce D. (2.3.3) 


Clearly the left-hand side is C” (in ¢), and thus the proof is complete. 


Remark. We do not need to know that C” functions of compact support 
are dense in L?(D). We show that we can do with slightly less. Let @(¢) 
denote the left-hand side of (2.3.3). If (2.3.3) is not true then (for real ø) 
one of the sets 

D, = {z e C; G(2) > o(2)} 

D_ = {ze C; Gz) < pe) 
has positive measure. Hence we may assume that one of these sets has 
interior. If we now choose p to be non-negative and to have support in this 
set, then we obtain a contradiction to (2.3.2) as in the arguments that estab- 
lished sufficiency for a C? function ø. Thus u could have been assumed to 


have support in an arbitrarily small set to begin with, simplifying slightly 
the reasoning at the beginning of this paragraph. 


EXERCISE 
Prove the following alternate form of Weyl’s lemma: Let @ be a measurable square 


integrable function on the unit disk D. The function ọ is holomorphic if and only if 


fa) 
i fo) az dO (2.3.4) 


for every C” function n on D with compact support. 
Hints. 


(1) Let o be holomorphic and n, smooth with compact support. Then 


0= f ond: = Í f „ Alon dz). (2.3.5) 


This establishes necessity of (2.3.4). (The fact that ọ is not defined on ôD should 
not cause any trouble.) 
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(2) For sufficiency, first assume ọ is C!. Use that for every y with compact support 
(2.3.5) holds, and thus 


— ffr on dz ^ dz = ffr onaz Naz =. 
From this equation deduce the Cauchy—Riemann equations. 
(3) Now take arbitrary o. Note that for arbitrary n with compact support, 
07n ô (on 5 
ff, o go ^T = ff, o (Zan dz. 


Thus by the form of Weyl’s lemma at our disposal, gisC”. 
The above form of Weyl’s lemma can, of course, also be proven directly, and 
our form recovered (with a few more technical complications) from this form. 


11.2.4. Exercise 


Let f e L7([0,1]). Show that f equals almost everywhere a constant if and only if 
fA f(x)g'(x) dx = 0 


for all C” functions g on (0,1) with compact support. 
This is the one-dimensional analogue of Weyl’s lemma. 


II.3. The Hilbert Space of Square Integrable Forms 


We decompose the space of square integrable 1-forms into closed subspaces. 
The basic tool is Weyl’s lemma. The decomposition will prove to be most 
useful for compact surfaces. In general, we establish a sufficient condition 
for the existence of a non-zero square integrable harmonic 1-form. For 
compact surfaces, the condition is also necessary. 


11.3.1. Throughout this section, M will denote a Riemann surface and 
L?(M), the Hilbert space of (measurable) square integrable 1-forms with inner 
product (-,-) and norm ||-|| (as defined in 1.4.2). Throughout this chapter 
the word smooth will denote C®. 


Definition. We denote by E the L?(M) closure of 
{df; f is a smooth function on M with compact support}, 


and by 
E* = {w e L*(M); *we E}. 


Thus, for every œ e E(E*), there exists a sequence of smooth functions 
f, on M with compact support such that 


o = lim df, ( =lim "a) 
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Corresponding to these closed subspaces we have orthogonal decom- 


positions of L?(M), 
L?(M) = E@ E+ 
= E* @ E*?, (3.1.1) 
where, as usual, 
E* = {w e L?(M); (@,df) = 0, for all smooth functions f on 
M with compact support}, 


E*+ = {w e L?(M); (w,*df) = 0, all f as above}. 


11.3.2. Proposition. Let « € L?(M) be of class C'. Then « e E** (respectively, 
E+) if and only if « is closed (co-closed). 


Proor. Assume that « is closed. Let f be a smooth function on M with 
support inside D (with Cl D compact). Then 


a*d) = —[[, andi = — ff (def) - dart] 
= -f{{, def) = -|,, 7 =0. 


Thus & e E*+. Conversely, we have starting from the second equality 
{i da f =0, all smooth f on M with compact support. 


This, of course, is sufficient to conclude dx = 0. The argument for « € E+ 
is similar. E 


We let 
H=E* n(E*y, 


and obtain the following orthogonal decomposition 
L’(M) = E Q E* @H. (3.2.1) 


Note that from Proposition II.3.2 we deduce that E and E* are orthog- 
onal subspaces. It then follows that the direct sum E @ E* is closed and 
thus also a Hilbert subspace of L*(M). By orthogonal decomposition 
(Theorem II.1.1), we therefore certainly have L*(M) = (E @ E*) @(E@ E*)', 
and all we need to establish (3.2.1) is to verify the easy identity (E @ E*)+ = 
E+ a (E*)*. Comparing (3.2.1) with (3.1.1) we see that 


E =E*@H 

E RSR 
II.3.3. Let c be a simple closed curve on M. Cover c by a finite number 
of coordinate disks and obtain a region Q containing c. We call this region 


Q, a strip around c. By choosing Q sufficiently small, we may assume that 
it is an annulus and that Q\c consists of two annuli Q~, Q*. We orient c 
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so that Qg is to the left of c. We put a smaller strip, 2o, (with corresponding 
one-sided strips Qo, Q ) around c in Q. We construct a real-valued function 
f on M with the following properties (see Figure II.5): 


JOSIP eO, 


LPS 0" Pie M\RT, 
and 
f is of class C” on M\c. 


We now define a C® differential 


ae on (2X 
She) Os condi so) woe. 


Figure II.5 


It is clear that n¢ is a closed, smooth, real differential form with compact 
support. It is, in general, not exact. We call it the differential form associated 
with the closed curve c. 


Proposition. Let x € L?(M) be closed and of class C!. Then 
j; a = (a*n). (3.3.1) 


Proof. We compute 


(anie aE - ff- r df Na 
= ff, afo- ff, fraa= ff. ate 


= TUE O 


II.3.4. Proposition. Let « € L7(M) be of class C+. Then « is exact (respectivel y, 
co-exact) if and only if (x,ß) = 0 for all co-closed (closed) smooth differentials 
B of compact support. 


Proor. If « is Ct and exact, then « = df with f of class C?. If B is co-closed, 
smooth, with support in D (with Cl D compact), then 


(2,8) = ff, a*B = ff, [a f*B) — Ja*P] 
E ths 0. 
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To establish the converse, it suffices to show (because « is closed by Propo- 
sition II.3.2) that J. = 0 for all simple closed curves. But this follows 
from the hypothesis and (3.3.1). The assertion for the co-exact differentials 
follows from the part of the proposition already established. oO 


11.3.5. The most important result about L7(M) is contained in the following 


Theorem. The Hilbert space H consists of the harmonic differentials in L?(M). 


Proor. If œw e L?(M) is harmonic, then œ is smooth, closed, and co-closed. 
Thus by Proposition II.3.2, œ € E+ o (E*)~ = H. 


For the converse, let w € H. Choose a coordinate disk D on M with local 
coordinate z = x + iy. Choose a real-valued function n that is smooth and 
supported in D. Let o = 6n/0x and y = én/dy. Then o and y are C”? functions 
on M with support in D and d@/éy = dw/0x. Write w as pdx + q dy (with p 
and q measurable) on D. Since w € E+ a (E*)*, 


0 = (œw,dọ) = ff, Pox + qọ,)dx ^ dy, GS) 
0 = (œ,*dy) = j; RS pý, + q4) dx ^ dy. (3.5.2) 


Thus 
0 =(o,dy — *dy) = ffol + y,)dx ady 


= f i} p An. (3.5.3) 


By Weyl’s lemma, p is harmonic and hence C+. Applying this result to 
*c (which also belongs to E+ ^ E*+) we see that q is C'. Hence w is of class 
C+. Proposition II.3.2 now yields that œ is closed and co-closed (that is, 
harmonic). CJ 


Remark. The space L?(M) can best be represented by the “three” dimen- 
sional “orthogonal” diagram given in Figure II.6. 


Gee COLCINGCU e 


(harmonic)H 
Figure II.6 
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Corollary 


a. The L*(M) closure of the square integrable closed (respectively, co-closed) 
differentials is E ® H (E* @ H). 

b. The square integrable smooth differentials are dense in L?(M). 

b'. The smooth differentials with compact support are dense in L*(M). 


The verification of (a) and (b) is at this stage trivial. For example, if w is closed, 
then we E*t = EQ H. Conversely, if w € E ® H, then w = wı + œw, with 
w, E E and œ, € H. Thus, œ, is closed (it is harmonic) and w, = lim, df, 
with f, smooth of compact support. We have shown that w is the limit of 
closed differentials. 

We cannot at this point establish (b’). We need to know that 


M= ) De 
where " 

D,, is open, 

Di Dii 
and 


Cl D,, is compact 


(a fact that will follow from IV.5). Having such an “exhaustion” of M, we 
construct a sequence of smooth functions { f,} on M with 


Os f <1, 
J, sel son D,, 
(support of f,) < D,4 4. 


It clearly suffices to show that every « e H can be approximated in L?(M) 
by smooth forms with compact support. Now f, € L?(M) is smooth and 
has compact support. By the Lebesgue dominated convergence theorem, 


lim || fx — «|| = 0. 

n> oo 
Caution. Not every exact (co-exact) differential is in E(E*). For example: 
consider the unit disk D. Let f be a function holomorphic in a neighborhood 
of the closure of D. Then df e H. Clearly, df is exact as well as harmonic. 

For compact surfaces E does, of course, contain all the exact differentials. 

Thus, our picture is quite accurate in this case. (The above analysis shows 
that a compact surface carries no non-constant harmonic functions. The 
differential of such a function would have to be in both E and H, which would 
imply the function is constant. This fact can, of course, also be established 
as a consequence of the maximum and minimum principles for real valued 
harmonic functions.) 


11.3.6. As a digression, we consider the situation of a compact Riemann 
surface M, and expand slightly our discussion of I.3.8. We define the first 
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de Rham cohomology group of M, H*(M), as the smooth closed differentials 
modulo the smooth exact differentials. If « is a closed smooth differential, 
then its equivalence class in H'(M) is called the cohomology class of «. There 
is a pairing 
H,(M) x H*(M) > C 

which maps the pair (c,), where c is a closed piecewise differentiable path 
on M and « is a smooth 1-form, onto f, æ. It is quite clear that this integral 
depends only on the homology class of c and the cohomology class of «. 
It vanishes for a given cohomology class « over all curves c if and only if æ 
is the zero class (represented by an exact differential). Thus the above pairing 
is non-singular. Further, every homomorphism of H ,(M) into C is given by 
integration over curves against some « € H'(M). (See also II.2). 


Note also that 
H*(M) =H, (3.6.1) 


and that the cohomology class of the 1-form y, constructed in II.3.3 is 
uniquely determined by equation (3.3.1) and depends only on the homology 
class of c. The isomorphism of (3.6.1) is the surface version of the much more 
general Hodge theorem. 


11.3.7. Theorem. A sufficient condition for the existence of a non-zero harmonic 
differential on a Riemann surface M is the existence of a square integrable 
closed differential which is not exact. If M is compact, the condition is also 
necessary. Explicitly, for every closed œw € L?(M), there exists a w, € H such 
that |, œ =|, œ for all closed curves c on M. 


Proor. Let w e L?(M) be closed and not exact. Then w € (E*)' =E @ H. 
Thus, œ = œ; + œ, with œ; € E and œ, € H. Note that œ, must be C’. 
Since œ is not exact, there is a closed curve c with |, œ # 0. Since J, œ, = 0, 
we must have |, œw = fe œ # 0. Hence œ, # 0. 

If M is compact, then there are no exact harmonic differentials so that any 
0 4 we H is closed and not exact. oO 


11.3.8. In view of Theorem II.3.7 we see that in order to construct harmonic 
differentials, we must construct closed differentials that are not exact. 

Let c be a simple closed curve on the Riemann surface M that does 
not separate (that is, M\c is connected). We construct now a closed curve 


PT 


Figure II.7 
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c* (a dual curve to c) by Starting on the right(+) side of c and ending up on 
the other (= left (—)) side of c. (See Figure II.7). 

The curve c* will intersect c in exactly one point P. Using the construction 
and notation of II.3.3, we see that 


pate alin} (O) slimy f(O)iaa1 
Q>P- Q>P+ 


(here, of course, limg.p+ means you approach P through Q*). This remark 
together with Theorem II.3.7 establishes the following 


Theorem. If the Riemann surface M carries a closed curve that does not sep- 
arate, then there exists a closed non-exact differential in L?(M) and therefore 
a non-zero harmonic differential. 


II.4. Harmonic Differentials 


We have seen in the previous sections that on a compact surface there do 
not exist exact (non-zero) harmonic differentials. To construct “exact har- 
monic differentials” we must hence allow singularities. In this section we 
construct harmonic functions and differentials with a prescribed isolated 
singularity. 


11.4.1. Let D be a parametric disc with local coordinate z = x + iy on a 
Riemann surface M. It involves no loss of generality to assume that z maps D 
onto the open unit disc. We assume that z = 0 corresponds to the point 
Po € M. We define a function h on M by choosing a real number azma ilk 
an integer n > 1, and setting 


z(P)" + ae Le Dandie Peter 


h(P) = 


0 otherwise. 


(In the future we will identify the point P e D with its image z(P)e C and 
hence write the above equation for h 


Z 

T f AA 
mee aun for |z| <a 
0 for |z] >a. 


In this convention the points in M\D are denoted by {|z| > 1}) 
We define another function 6 on M by setting 


0(z) = h(z) for |z] > a/2, 


and requiring 0 to be smooth in {|z| < a}. 
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We form the differential d0 € L?(M) (this terminology involves some abuse 
of notation since 0 is C” only on M\{|z| = a}). It is smooth whenever 0 is. 
Note that because of the discontinuity of 0, dO does not have to belong to 
E*+, Write 

dd=a+a, (4.1.1) 


with ae E and we E+ = E* @ H. 

Let U be a parametric disk about the point Qo € M. Let €=¢ + in be a 
local coordinate vanishing at Qo. We choose a real-valued smooth function 
p on M with support in U and set ọ = ĉp/0¢, Y = ôp/ôn (as in 11.3.5). Write 
a = pdé + q dy in U. Since « € E**, obtain as in (3.5.2), 


= (a*d) = ffy (Pin + ae) dE A dn. 
Also since w € E+, we obtain as in (3.5.1), 


(db,do) = (ado) = ff (Po: + aq) dé ^ dn. 


The difference of the last two expressions yields (as in (3.5.3)) 
(d9,dọ) = fhe pAp. (4.1.2) 


Similarly, by interchanging the roles of g and y and adding (rather than 
subtracting) the two resulting expressions, we obtain 


(d0,dy) = i i q Ap. (4.1.3) 


We know that a e E*+. Thus « is annihilated by all co-exact differentials 
with compact support. Thus if x is C? on a given open subset of M, it must 
be a closed form on that subset by Froposinon II.3.2. As an illustration we 
assume that Qo does not belong to {|z| < a} = Cl D,, and we take U also s 
belong to the complement of Cl D,. In this case (since d@ vanishes on } (|z| > a} 


(d0,dy) = 0 = (d0,dg), 


and we conclude from (4.1.2) and (4.1.3) and Weyl’s lemma that p and q 
are harmonic (thus C®) in U. In particular, « is a smooth closed differential 
on M\CI D,. (The above was not necessary because of the stronger statement 
we are about to prove. We included it to help the reader.) 

Our first step is to show that « is harmonic on M\CI D,,,. So we assume 
that U = M\CI Da2. We compute (using (4.1.2)) 


ffi, P 4p = (d0,do)m 
= (d0,d9)p,,. + (49,49) p,\0,;. + (d0,dO)in pe: 


We have 
(d0,do)b n =9, since dp = 0 on Da2, 


(d0,do)mp, =0, since d0 = 0 on M\D,. 
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It remains to evaluate the middle integral. We will show that is it zero. If 
U c M\D,, the integral vanishes because dp = 0 on D,. It hence involves 
no loss of generality to assume that U c D and that z = a 


We recall the formula (4.4.1) 


(do,d®)p.\p,. = i dg a *d0 


ae x 7 
Ş Soana 0 49 + A OEA); 


Again, the double integral (on the right-hand side) vanishes because 0 is 
harmonic on D,\C1 D,,5. Similarly, the line integral vanishes because o=0 
on {|z| = a/2}, while by a simple calculation 


eg oe peace ia 
dð =< |dz| = © |az| 


(where 00/ôn is the normal derivative of 0 and 00/0r is the radial derivative 
of 0) vanishes on {|z| = a}. Thus we see that « is closed on M\CI Dy. 
We compute next for p with compact support inside M\Cl D,,,: 


(a,dp) = (d0,dp) — (w,dp) = (d0,dp) 
= (d0,dp)p.\0,,1 = 0, 


by the argument just used. Thus « is co-closed on M\CI D,). by Proposition 
11.3.2; that is, æ is harmonic on M\Cl Da2: 

Finally, what happens close to the singularity of h? Assume that the 
support of p is now contained inside D,. We have 


(d0 do) = di OPEO P NANAY 
and 


On desde i) E (OxPyy — OyPyx) dx A dy. 


The first equality on the last line follows from the fact that d0 is closed on 
D, and hence e E** (with respect to D,). As a consequence we obtain from 
the above two equations: 


(dodo) = |f, OPa + Py») dxady = ff) 0, dp. 
It follows therefore from (4.1.2) that 


0= [f,, (P= 0) Ap. 


Similarly, we can obtain 


0 = 1s (4 — 0,) Ap. 


Thus, by Weyl’s lemma, p — 0, and g — 0, are harmonic in D,. In particular, 
p and q are smooth on D,. 
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We have shown that « e E = (E* ® H)* is smooth. Since E* ® H contains 
the co-closed differentials with compact support, « is exact by Proposition 
11.3.4. Hence there is a smooth function f on M with df = «æ. Since « is 
harmonic on M\CI D,), so is f. 

By (4.1.1), d(@ — f) = we E+. Since 0 — f is smooth on D,, d(0 — f) is a 
co-closed differential on D,. Since d(0 — f) is clearly closed on D,, we con- 
clude that d(@ — f) is a harmonic differential on D, or that 0 — f is harmonic 
in D,. We now define a function u on M 


u=f—O+h. 


For 0 < |z| < a, f — 0 and h are harmonic. For |z| > a/2, f is harmonic and 
h — 6 = 0. Thus u is harmonic on M\{ Po}. 
We summarize our conclusions in the following 


Theorem. Let M be a Riemann surface with z a local coordinate vanishing at 
Po € M. There exists on M a function u with the following properties: 


u is harmonic on M\{Po}, (4.1.4) 
u — z "is harmonic on every sufficiently small neighborhood N of Po, (4.1.5) 
[fun du a *du < œ, and (4.1.6) 
(du,df ) = 0 = (du,*df) for all smooth functions f on M that have 

compact support and vanish on a neighborhood of Po. (4.1.7) 


Proor. Only (4.1.7) needs verification, and this follows because du is in H 
with respect to the surface M\CI N. C] 


11.4.2. Note that condition (4.1.5) is invariant under a limited class of 
coordinate changes. (Determine this class!) It can, of course, also be replaced 
by 


u — Rez" (resp., u — Im z") is harmonic in a neighborhood N of Po. (4.2.1) 


In this case we may require u to be real valued. 
Observe also that if M is compact, then u is unique up to an additive 
constant. 


11.4.3. We note that most of our arguments to prove Theorem II.4.1 did not 
depend on the chioce of the particular form of the function h with 
singularity as long as 

h is harmonic in {a/2 < |z| < a}, 
and 

*dh = 0 on {|z| = a}. 

Thus, another candidate for h is the function 
Rime Haye 


h(z) = log : 


“= 
Z—2,z—a'/Z, 


so ey See elias 


Z| < a/2. 


3 
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Theorem. Let M be a Riemann surface and P, and P, two points on M. Let 
2; (j = 1,2) be a local coordinate vanishing at P;. There exists on M a real- 
valued function u with the following properties: 


u is harmonic on M\{P,,P >}, (4.3.1) 


u — log|z,| is harmonic in a neighborhood of P, 
and u + log|z.| is harmonic in a neighborhood of P 5, (4.3.2) 


f Jaw du ^ *du < œ, for every open set N containing P, and P,,and (4.3.3) 


(du,df) = 0 = (du,*df) for all smooth functions f on M that have 
compact support and vanish on a neighborhood of P, and P,. (4.3.4) 


Note that condition (4.3.2) is invariant under certain coordinate changes. 
See, for example, IV.3.6. 


PROOF OF THEOREM. The arguments preceding the statement of the theorem 
establish it for P, and P, sufficiently close. If P, and P, are arbitrary, we can 
join P, to P, by a chain P, = Qo, Q,,..., Q, = P2 so that Q; is close to 
Qj-1,j =1,...,n. For each pair of points there is a function u; with appro- 
priate singularity at Q;_, and Qj. Let 


PSS Uy se ooo sail. 
and note that u is regular at Q,,..., Q„-1, and has appropriate (logarithmic) 
singularities at Qo and Q,. oO 
Remark. For compact M, the function u is unique up to an additive constant. 
11.4.4. We can also let 


Z—2,2z—a’/2, 


Z2| < a/2. 


’ 


h(z) = are( ), |z|< a,0<|z, 


Z—2Z,z—a7/z, 
This case is slightly different from the previous one. The function h is not 
well defined on M. It is well defined on M\{slit joining z, to z2}. Of course, 
the differential du obtained by this procedure is well defined. We leave it 
to the reader to formulate the analogue of Theorem II.4.3 in this case. 


11.4.5. The decomposition (3.2.1) is closely related to the Dirichlet Principle, 
which we proceed to explain. Let D be a domain on a compact Riemann 


surface M, whose boundary 6D consists of finitely many simple closed 
analytic arcs. Thus, topologically D is a compact Riemann surface of genus 
g = 0 from which n > 0 discs have been removed. Consider now two copies 
D and D’ of D. We shall construct a compact Riemann surface M = CID u D' 
known as the double of D. We use the usual local coordinates on D. A function 
z is a local coordinate at P’ € D’ if and only if Z is a local coordinate at the 
corresponding point Pe D. We now identify each point P e ôD with the 
corresponding point P'e 6D’. To construct local coordinates at points of 
ôD, we map a neighborhood U of P e ôD by a conformal mapping z into the 
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closed upper half plane such that U ^ ôD goes into a segment of the real axis. 
By the reflection principle z is a local coordinate at P e M. Note that M isa 
compact Riemann surface of genus 2g + n — 1, and that there exists on M 
an anti-conformal involution j such that j(D) = D’ and j(P) = P for all 
P e ôD. From now on we may forget about Mọ and think of D as a domain 
on its double M. (The above discussion is not strictly necessary for what 
follows. It was introduced for its own sake.) We consider now the following 
problem: 

Fix a C? function po defined on a neighborhood of C1 D. Among all functions 
p, C? on a neighborhood of Cl D, find (if it exists) one u that has the same 
boundary values (on dD) as po and minimizes ||dø||p over this class. 

Assume that u is a harmonic function with the same boundary values as 
Po. We compute for arbitrary œ with the same boundary values; 


\|4g||? = (d(p — u) + du, d(p — u) + du) 
= ||d(p — u)||? + ||du||? + 2 Re(d(@ — u),du). 


Now use Proposition 1.4.4 to conclude that (d(ọ — u),du) =0 (since 
p — u = 0 on ôD and Au = 0 on D). Thus 


laol? = |[a(@ = w)||? + ||du]|? = | |u|. 


Thus our problem has a unique solution—if we can find a harmonic 
function with the same boundary values as pọ. We shall in IV.3 solve this 
problem by Perron’s method. Here we outline how the decomposition of 
L?(D) given by (3.2.1) can be used to solve our problem. Finding a function 
for which a given non-negative function on L?(D) achieves a minimum is 
known as the Dirichlet Principle. 

Consider the function @o. Since dg is exact (and thus closed), dg, € 
E © H. Now let @ be the orthogonal projection of dy) onto H. We have 
already seen that w is exact and harmonic. Thus w = du, for some harmonic 
function u on D. Now d(u — po) € E. Thus 


(d(u — @o),a) = 0, allae H. 


Let up,p, be the function produced by Theorem II.4.3. By letting « run 
over the set of differentials 


f z 1 ! 
(dup p,; P,eéD’, P,e€ D’}, 


one can show that u — pọ is C? on a neighborhood of Cl D and that u — Qo = 
0 on dD. 


II.5. Meromorphic Functions and Differentials 


Using the results of the previous section, we construct first meromorphic 
differentials on an arbitrary Riemann surface M and then (non-constant) 
meromorphic functions. 
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11.5.1. By a meromorphic differential on a Riemann surface we mean an 
assignment of a meromorphic function f to each local coordinate z such that 


f(z) dz 


is invariantly defined. 


Theorem 


a. Let Pe M and let z be a local coordinate on M vanishing at P. For every 
integer n > 1, there exists a meromorphic differential on M which is holo- 
morphic on M\{P} and with singularity 1/z"*! at P. 

b. Given two distinct points P, and P, on M and local coordinates z; vanishing 
at P;, j = 1, 2, there exists a meromorphic differential w, holomorphic on 
M\{P,,P>}, with singularity 1/z, at P, and singularity —1/z, at P}. 


PROOF. Let x = du where u is the function whose existence is asserted by 
Theorem II.4.1 for part (a) and by Theorem II.4.3 for part (b). In the former 
case set 


1 
w = mE + TT); 


and in the latter 
w = q + i*a. E 


II.5.2. Let q be an integer. By a (meromorphic) q-differential œ on M we 
mean an assignment of a meromorphic function f to each local coordinate 


z on M so that 
f(z) dz! (5.2.1) 


is invariantly defined. For q = 1, these are just the meromorphic differentials 
previously considered, and they are called abelian differentials. 

If w is a q-differential on M, and z is a local coordinate vanishing at 
P e M, and v is given by (5.2.1) in terms of z, then we define the order of œ 
at P by 

ordp w = ordo f. 

(If we write f(z) = z"g(z) with g holomorphic and non-zero at z = 0, then 
ord, f = n.) It is an immediate consequence of the fact that local parameters 
are homeomorphisms that the order of a q-differential at a point is well 
defined. 

Note that {P € M; ordp œ # 0} is a discrete set on M; thus a finite set, 
if M is compact. 

If% is an abelian differential, then we define the residue of œw at P by 


T@Sp w = a_4, 


where œw is given by (5.2.1) in terms of the local coordinate z that vanishes at 
P, and the Laurent series of f is 
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The residue is well-defined since 
1 
resp = P i w, 
where c is a simple closed curve in M that bounds a disk D containing P such 


that c has winding number 1 about P and œ is holomorphic in CID\{P}. 


II.5.3. Theorem. Let P,,..., P, be k > 1 distinct points on a Riemann surface 
M. Let c4, .. . , Cx be complex numbers with }*-, c; = 0. Then there exists a 
meromorphic abelian differential w on M, holomorphic on M\{P,, . . . ,P,} with 


ordp, œ = —1, resp, © = Cj. 


Proor. Let Poe M, Po # Pj, j=1,...,k. Choose a local coordinate Zj 
vanishing at P,;, j=0,...,k. For j=1,...,n, let œj; be an abelian differ: 
ential with singularities 1 Iz, at P;and —1 a ait Po andi no other singularities. 
Set 


o= Y Cy 3) 


Corollary. Every Riemann surface M carries non-constant meromorphic 
functions. 


ProoF. Let P,, P2, P, be three distinct points on M. Let œ; be a differential 
holomorphic on M\{P,,P3} with 


ordp, œ = — 1 = ordp, a, 


reSp, @, = +1, resp, w; = — 1. 
1 P2 1 


Let œ, be a differential holomorphic on M\{P,,P3} with 


ordp, Oz = —l= ordp, WM, 
resp, W2 = 1, resp, @2 = —1. 
Set f = w/w . Note that f has a pole at P, and a zero at P}. E 


11.5.4. Proposition. Let M be a compact Riemann surface and w an abelian 
differential on M. Then 


> esp = OU (5.4.1) 


PeM 


Proor. Triangulate M so that each singularity of œ is in the interior of one 
triangle. Let 4,, 4,,..., 4, be an enumeration of the 2-simplices in the 
triangulation. Then 


pa, TSS Oa D e (5.4.2) 
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where 64; is the (positively oriented) boundary of A j Since each 1-simplex 
appears twice, with opposite signs, in the sum (5.4.2), we conclude that 
(5.4.1) holds. O 


EXERCISE 


Using only formal manipulations of power series show that the residue of a meromorphic 
abelian differential is well defined. 


Remark. The above proposition shows that the sufficient condition in 
Theorem IJ.5.3 is also necessary if the surface M is compact. 


EXERCISE 


Give an alternate proof of Proposition I.1.6 in the special case that N = C U {oo}. 
First reduce to showing that it suffices to establish that f has as many poles as zeros. 
Then relate ord, f to resp(df/f). 


11.5.5. Remark. The existence of meromorphic functions shows at once 
that every compact Riemann surface M is triangulable. Let 


f:M >Cvu {oo} 


be a non-constant meromorphic function. Triangulate C U {oo} with a 
triangulation 4,, 4,,..., 4, such that the image under f of every ramified 
point (points Pe M with b,(P) > 0) is a vertex of the triangulation and 
such that f restricted to the interior of each component of f ~ *(A;) is injective. 
It is clear that this triangulation of C U {oo} lifts to a triangulation of M. 

The existence of meromorphic functions has many other important 
consequences. We will discuss these in IV.3 and IV.5. Also, in IV.3 we will 
establish the existence of meromorphic functions without relying on integra- 
tion (for which triangulations are needed). Thus we will be able to derive the 
above topological facts from the complex structure on the Riemann surface. 


CHAPTER III 
Compact Riemann Surfaces 


This is one of the two most important chapters of this book. In it, we prove 
(based on the existence theorems of the previous chapter) the three most 
important theorems concerning compact Riemann surfaces: the Riemann- 
Roch theorem, Abel’s theorem, and the Jacobi inversion theorem. Many 
applications of these theorems are obtained; and the simplest compact 
Riemann surfaces, the hyperelliptic ones, are discussed in great detail. 


II.1. Intersection Theory on Compact Surfaces 


We have shown (in I.2) that a single non-negative integer (called the genus) 
yields a complete topological classification of compact Riemann surfaces. 
Every surface of genus 0 is topologically the sphere, while a surface of positive 
genus, g, can be obtained topologically by identifying in pairs appropriate 
sides of a 4g-sided polygon. The reader should at this point review Figures I.3 
and 1.4 in 1.2.5. Thus, with each surface of genus g > 0 we associate a 4g-sided 
polygon with symbol b,a,b;'a;'---b,a,b,‘a,1 (as in 1.2.5). The side of 
the polygon correspond to curves (homology classes) on the Riemann surface. 
These curves intersect as shown in the figures referred to above. Our aim is to 
make this vague statement precise. This involves the introduction of a 
cononical homology basis (basis for H,) on M. 


HI.1.1. Let c be a simple closed curve on an arbitrary Riemann surface M. 
We have seen (11.3.3) that we may associate with c a (real) smooth closed 
differential n, with compact support such that 


fe = Neil — fly 2A Mo (1.1.1) 
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for all closed differentials «. Since every cycle c on M is a finite sum of cycles 
corresponding to simple closed curves, we conclude that to each such c, 
we can associate a real closed differential n, with compact support such that 
(1.1.1) holds. 

Let a and b be two cycles on the Riemann surface M. We define the 
intersection number of a and b by 


a-b= ff aae a M): (1.1.2) 


Proposition. The intersection number is well defined and satisfies the following 
properties (here a, b, c are cycles on M): 


a: b depends only on the homology classes of a and b, (1.1.3) 
a:b= —b-a, (1.1.4) 
(a+b):-c=a:c+b:c, (1.1.5) 
and 
a-bez. (1.1.6) 


Furthermore, a : b “counts” the number of times a intersects b. 


ProoF. To show that (1.1.2) is well defined, choose y, and n, also satisfying 


(1.1.1). We must verify 
jig NaN = ii Na ^ Nb- 


Note that while ņ, and y, are only closed, their difference n4 — na = df, 
where f is a C” function which is constant on each connected component 
of the complement of a compact set on M. Thus it suffices to show 


ie df An, =0, all f as above. 


Assume that M is compact. In this case, ffa df ^ n, = — (df, *n,) = 0, 
because df € E and *y, € E+ (by Proposition II.3.2). For the general case, 
assume that the support of 7, is contained in D, where D is a domain on M 
with smooth boundary and compact closure. Then 


[f df A= al d( fn) = i d( fns) 


= | fn, =0 
ôD 
because y, vanishes on ôD. 
The verification of (1.1.3), (1.1.4), and (1.1.5) is straightforward. To check 
(1.1.6), it suffices to assume that a and b are simple closed curves. Therefore 
we have (as in II.3.3), 


awh, Na ^Na = -fh Nb ^Na 


= (1,"Na) = Í No: 
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Figure III.1 


But fa M, contributes +1 for each “intersection” of a with b. (This can be 
verified as in II.3.8 using Figure III.1.) CJ 


III.1.2. We now consider a compact Riemann surface of genus g > 0, and 
represent this surface by its symbol 


aa~' (genus 0), 


g 
I] b,a;b; 'a;' (genus g > 1). 
L 


The sides of the polygon corresponding to the symbol give a basis for the 
homology, H, = H,(M), of M. Assume now that g 2 1. It is easy to check 
that this basis has the following intersection properties 


aj’ ap = 0 = b; by. 
We can represent all this information in an intersection matrix J. This J is a 
2g x 2g matrix of integers. If we label 
Nra S= E g and X= b)- j= 941,..., 2g, (1.2.1) 


then the (j,k)-entry of J is the intersection number Nj- Ni- Thus J is of the 


form 
(Qe ¥ 
-I 0l 


where 0 is the g x g zero matrix and J is the g x g identity matrix. 

Any basis {N;, . . . N24} of H, with intersection matrix J will be called a 
canonical homology basis for M. Given a canonical homology basis we can 
use (1.2.1) to define the “a” and “b” curves. Note that we do not claim that 
these curves come from a polygon in normal form. 


II.2 Harmonic and Analytic Differentials 
on Compact Surfaces 


We compute the dimensions of the spaces of holomorphic and harmonic 
differentials on a compact Riemann surface. Certain period matrices are 
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introduced and we determine some of their basic properties. The key tool 
is Theorem II.3.5. 


HI.2.1. Theorem. On a compact Riemann surface M of genus g, the vector 
space H of harmonic differentials has dimension 2g. 


Proor. The theorem is easy to prove if g = 0. For in this case, let a be a 
harmonic differential on M. Fix Pọe M and define 


u(P) = [> «,  PeM. 


The function u is well defined (since M is simply connected). By the maximum 
principle for harmonic functions, u is constant. Thus « = 0. (The maximum 
principle implies, of course, that there are no non-constant harmonic func- 
tions on any compact Riemann surface.) 
Assume g > 0. Let {N;, . . . N24} be a canonical homology basis on M. 
Construct a map 
©:H>C* or H-R??, 


depending on whether we are interested in complex-valued harmonic differ- 
entials or real-valued harmonic differentials, by sending «€ H into the 


2g-tuple 


If dim H > 2g, then @ has a non-trivial kernel; that is, there exists an « € H, 
all of whose periods are zero. Such an « must be the differential of a harmonic 
function. Since there are no non-constant harmonic functions on a compact 
surface, dim H < 2g. The above argument also establishes the injectivity of 
®. It remains to verify surjectivity. As we saw in the previous chapter, 
(Theorem I1.3.7) it suffices to find a closed differential with period 1 over 
a cycle X; and period 0 over cycles &,, k # j. 
Let 


X; = Np,» TE S Os 
R J TR 29. 
Then we see (by(1.1.1)) that for k = 1,...,g, 


I SF i yA Has 
f) n E j=1,...,9, 
MELK 4 — (ap ` a;-,) = 0, =O 2g, 


Is «j= -ff Aj A^ Nb, = itp Ny, ^ Aj 


EA i al aS 
— (bx ` Aj-g) = aj-g ` bk = Oj-g ts hers oog 


and 
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We summarize the above information in 
b k=yj, {a= 1, k=j-—g9, 
f pis 0, otherwise, b. 0, otherwise. 


In other words, 


ite tye a we ern PARIE 
Thus we have proven the following. 


Corollary. Given a canonical homology basis {&,,... Nag} for H,(M) there 
is a unique dual basis {a,,...,%,} of H; that is, a basis satisfying (2.1.1). 
Furthermore, each q; is real. 


Thus given any set of 2g complex numbers c,,... O 


2g 
nE Me C jj 
j=1 
is the unique harmonic differential whose N, period (that is fre, 2) is Cp, for 


kes Lae eeieg: 


III.2.2. We have seen that the 2g x 2g matrix with (k,/)-entry fx, % is the 
identity. We note that 


(Sonne J esl eead: 
th, na =i os ae | 
= ff eA yo 0 ate Lie 


From this it is evident that the matrix whose (k, j)-entry is SJar &% A a; is of the 


form [_§ ¿] = J. We conclude that 


(%, — *oj) = Ne: N). 


We will investigate a companion matrix I whose (k, j)-entry is (o%,a;) = 
ffm ax A *a;. We note immediately that F is a real matrix. Further from 1.4, 


(Xj ay) = (*o;,*0,) = ff, *a; A t*a, = ie Ak A W = (a%;,,04;). 


Thus, I’ is symmetric. Before continuing our investigation of the matrix T : 
we establish the following 


III.2.3. Proposition. If 0 and 6 are two closed differentials on M (compact of 


genus g), then 
Shert= S| fof, 3- fof a] (2.3.1) 
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ProoF. The right-hand side of (2.3.1) is obviously unchanged if we replace 
0 by 0 + df with f a C?-function. The left-hand side is also unchanged since 


[flO + af) 00 = (0 + df, —*8) = (6, -*8) = ff 0nd, 


by Proposition II.3.2. Replacing thus 0 and @ by harmonic differentials 
with the same periods, we may assume 


Q= ey up; ð= fin; wpe, (23.2) 


where {a;} is the basis dual to the canonical homology basis {a,,...,a 
bi Moa D = {N;, Tas N Thus, 


a. 29 29 


g? 


g 2g 
L N OF a AS S a O, 
Jen j=g+1 
Now it follows immediately from (2.3.2) that 


w= fo and =f ð (2.3.4) 


We now substitute (2.3.4) into (2.3.3) and obtain, using the fact that for 
=i, Sse GalSsjo Seg es and for j= 9g +1.5..2g, (Nj oS jo,) = — 1, 


ilk aN 2 E ‘ I j 3 If £ E 6 


j=g+1 


-5 foh -hOLA c 


Corollary. If 0 is a harmonic 1-form on M, then 


Tale -5 ed, a-pe a| (2.3.5) 


ProoF. Since 0 is harmonic, *@ is also closed. Thus, we compute 
lal? = ff 0^8 
by (2.3.1) and obtain (2.3.5). E 


Remark. We may view the Riemann surface M as a polygon æM whose 
symbolis [ [ł-; a;bja; 'b; '. Since M is simply connected 0 = df on M. Thus, 


fuon- ffun SADE fa 
=i | [0+ Ma finnan f,,.19] 


60 II Compact Riemann Surfaces 


Let Zo E M be arbitrary, then for z € M, 


-po 


Letting z and z’ denote two equivalent points on the sides aj and a; ' of ÒM 


[1% fasie -fola 
-f -[ Lo] -b eha 


The remaining terms can be treated similarly to obtain an alternate proof 
of Formula (2.3.1). 


HMI.2.4. We return to the matrix I and note that its (k,j)-entry y,; is given by 


v-au 51 fa f, able | 


aE ies eS "Oj, kK=g+1,..., 29. 


We show next that the real and symmetric matrix I is positive definite 
(I > 0). Let 


ae 0: 


29 
O= > &o, with é, 
k=1 
Recall that the differentials a, are real and that \|@|| 4 0. Thus, by (2.3.5), 
g 2g 2g 2g 2g 
< a Eta — an 
2 p Š fen es CO, i, 2 ČA ib 2 Cr a | 
2g g. 
* * 
ey KSI 2 hfs Xk J a) — fe Oy, J a | 


2g = 
= x Eepe 


k,l=1 


It is now convenient to write 


AB 
TZ 
[e >] 
with A, B, C, D, g x g matrices. Note that we have established (since ‘r = T 


and I’ > 0) these are real with 


BC AeA pep (2.4.1) 
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and 

A> 0, D >Q. (2.4.2) 
HMI.2.5. Let us consider * as an operator on the space of complex-valued 
harmonic differentials. It is clearly C-linear and *? = —I. We represent * 


by a 2g x 2g real (since * preserves the space of real harmonic forms) matrix 


G with respect to the basis &;, .. . , €24: 


G = (Arj) koal tag 20s 


Thus 
= ¥ ast Kee |e ee 
If we represent by .o/ the column vector of the basis elements a,,..., %2,, 
then we can consider & as defined by the equation 
*IJ=GH. 
Since *? = — I, Y? = —I. We wish to compute the matrix Y. We note that 
Nite = (4) 0x) = (*cx,,* ag) = (a y Aija ae a) 


2g 


= }, A0) = i Aj he A 
j=1 j=1 


= 
In III.2.2 we saw that, the matrix with (k,j)-entry ffm «A; is given by J = 
[-9 4]. It therefore follows that the above equation can be written as 


r=G'J. (2.5.1) 


Ar Ap 
Jp 
we find as a consequence of (2.5.1) that 
An —Ay 
r= | ae ‘Al 
We therefore conclude, because of (2.4.1) and (2.4.2), that 
hg = = Aie Ay = ‘2, A3 = 'A3, (2.5.2) 


If we now write 


and 
Ape 0, — À; >Q. (2.5.3) 


Since 4? + I,, = 0, we see that 4 satisfies the additional equations: 
A? +4,43 + 1, = 9, AA = Aa Aa: AAS Aga: (2.5.4) 


III.2.6. Up to now we have essentially used only the space of real-valued 
harmonic forms. (A basis over R for the space of real-valued harmonic 
forms is also a basis over C for the space of complex-valued harmonic forms.) 
We construct the holomorphic differentials 


wo; =a; + i*a;, fag: 
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and a matrix whose (k, j)-entry is 
3(,,0;) = 5 (0, 50t,) te 3 (ot,si*0x;) a 5(i*0%,,0)) + 3(i*a,,i*a;) 
= (Akt ;) — i(%,*0;) = (%,0; + i*a) = (a,,0)). 
We see from the above that this is the matrix 


+i, 
and since (recall 1.3.11) 


(o,,0;) = lh. % AG, =i > Is e Oj — iL Xk is a, 


l=1 


=i B, k=g+l,...,2¢, 


this matrix can be viewed as a period matrix. 
Observe also that 


AKAP = AOON) = (0 jx) 
a -i f on p= aag, 


if, Or, J Ge on 2G: (2.6.1) 
Before continuing our investigation of the matrix I + iJ, we establish 


III.2.7. Proposition. On a compact Riemann surface of genus g, the vector 
space X = X '(M) of holomorphic differentials has dimension g. Furthermore, 
{@1,...,@ 9} forms a basis for X. 


Proor. We show that we have a direct sum decomposition of the space H 
of complex-valued harmonic forms 


HEA ON. (2.7.1) 
where # represents the anti-holomorphic (= complex conjugates of holo- 
morphic) differentials. It is obvious that # n # = {0}. It remains to 
verify that the decomposition (2.7.1) is possible. If x e H, then « + i*a e Z, 
a — i*xe H (since % + i*@ e Æ), and « = 3(% + i*a) + 4(x — i*a). 

Since w +> @ is an R-linear isomorphism of ¥ onto #, it follows from 
(2.7.1) that 


i ly lye. 
dime # = 5 dim, # =z dim, H = g, 
To show that {a,,... ,,} form a basis for ¥ it suffices to show that this is 


a linearly independent set. Let 
"C= (Cis. sey), with c; e C, A = Re C, B = Im G: 
De (Or, oe 52), ), 


A = (a, Pin a 2) = (A541; sae X29). 
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Assume (recall that 4, and 1, have been defined in III.2.5) 


0='CQ=(A+ PBA, + i*W,) = (CA + BA, + (4, A, + A,A°,)] 
= ‘AY, mE 'B(2 A, + AW) + i['BA, + "AAU, + A,X.) ]. 
Thus, we obtain two equations: 
(A —‘'BA,)U, =‘BA,W,, (B+‘AA,)W, = —'AA,W,. 


Since the differentials in W, are linearly independent from the differentials 
in Y,, we conclude that 


‘BA, == 0 = Ads. 
Since A, is non-singular, 
Bie 0A. m 
HI.2.8. We return now to the matrix F + iJ. In particular, we restrict 
our attention to the first g rows of this matrix; that is, the g by 2g matrix 
(A2, — À; SF il). 


We have shown by (2.6.1) that the (j,k)-entry of A, is — i fp, w;; and the 
(j,k)-entry of — 2, + il is i fa, ©; 

We conclude that if we consider iw,,...,im@, as a basis for the vector 
space #, of holomorphic differentials on M, then the period matrix (whose 
(j,k)-entry is fy, iœ;) with respect to this basis is 


(—A, + il, — 3). 


Similarly, the holomorphic differentials œ;+ 1, - - - , @2, are linearly indepen- 
dent (over C), and the last g rows of the matrix F + iJ is the g x 2g matrix 


AN 


Thus, the period matrix of iw,,,, ..., i@2, (whose (j,k)-entry is fx. iW; +9) 
is of the form 
(—A3,'A, = il). 


We now make another change of basis. Let 


Z= (C1, oar iba) = (—A3)_ L (iM 415 oes 10) 94). 
With respect to the basis £ of W, we obtain the period matrix 
(I; (As) Ay + i(—A3)*) = CD). (2.8.1) 
Proposition. There exists a unique basis {f,,....6,} for the space of holo- 
morphic abelian differentials (= space #) with the property (= Ck = Ô jk 


Furthermore, for this basis, the matrix TI = (nj) with Tjk = Jo, C, is symmetric 
with positive definite imaginary part. 
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Proor. We must only verify that I is symmetric and Im M > 0. To show 
that I is symmetric it suffices (because ‘A, = 3) to show that (—2;) "1 "A, 
is symmetric. But (recall (2.5.4)) 


Ae es a 4 iy C 3 a Aa ub ask 
'[(— 2) l E EE) : = A,(—A;3) - = (— 43) "Ay: 


Note that since Im JT = (—/,)~', positive definiteness is not an issue. © 


Remark. Note that (—A3) = I if and only if for k, P= 9 %-1,...5 29, 
1 ex we pas k=j 
z (On; =i f a= 0. kaj 
if and only if (@, 4 ,//2,..., (>4/,/2) is an orthonormal basis for 3 viewed 


as a Hilbert subspace of L7(M). Can this happen? Yes, ifand only if Im M = I 
(see (2.8.1)). 


II.3. Bilinear Relations 


We start with a compact Riemann surface M of positive genus g > 0, and 
a canonical homology basis {a,,... bess b on MaLet le a e ‘Fi 
be the dual basis for holomorphic differentials (that is, fa, Č; = d,,). Represent 
the Riemann surface M by a 4g-sided polygon .@ with identification. Our 
starting point is Formula (2.3.1) for the “inner product” of closed differentials. 
Let 6 and @ be closed differentials. Since M is simply connected, @ = df on 
M with f a smooth function on -/ (note that at equivalent points on ôM, 
f need not take on the same value). As we have seen in the remark in III.2.3, 
formula (2.3.1), may be viewed as a consequence of two identities: 


Wu 00 9= fa £8 (3.0.1) 
fas 3 [fof fafa] (3.0.2) 


We shall see in this section that normalizing a set of meromorphic differ- 
entials (with or without singularities) forces certain identities between 
their periods. These are the “bilinear relations” of Riemann. They will turn 
out to be useful in the study of meromorphic functions on M. 


and 


IIf.3.1. Let us assume that @ and 6 are holomorphic differentials, then 


oF 1 fof fea (3.1.1) 


Equation (3.1.1) follows from (3.0.2) by Cauchy’s theorem, or from (2.3.1) 
since 0 ^ 0 = 0 for holomorphic 6 and 0. We now let 0 = ¢; and 6= C,, and 
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obtain 
fe =h t (3.1.2) 


Of course, (3.1.2) is just another way of saying that the matrix ITI introduced 
in III.2.8 is symmetric. 


III.3.2. Next we let 0 = ¢; and ĝ=7,. We note that (df = ¢j on M) by 
Stokes’ theorem (Formula (3.0.1)) 


fafi = ike Cit. 
-i= f a- ff S 


We conclude that 


(as usual z; is the (j,k)-entry of the matrix II). In particular, 


Im z; > 0. 


Applying the same argument to 
g 


0 = 2 AER cE C, 
k=1 
we conclude that 


Im IT > 0. 
These facts have already been established in III.2. 


II1.3.3. Proposition. Let 0 be a holomorphic differential. Assume either 


a. all the “a” periods of 0 are zero (that is, [5 aA E enr AN 
b. all the BE) of 0 are real. 
Then 6 = 0. 


PROOF. We compute 


ol)? = ff 0070 =i [fond 
-iS [fof o-f ofa} 


In either case (a) or (b) we conclude that ||6||* = 0, and hence 6 = 0. O 


Remark. The above observation (plus the fact that dim # = g, where 
HH = #*(M)) can be used to give an alternate proof of the theorem that 
there is a basis for # dual to a specific canonical homology basis. (The 
reader is invited to do so!) 


I11.3.4. We shall now adopt the following terminology: Recall that 
meromorphic one-forms are called abelian differentials. The abelian differ- 
entials which are holomorphic will be called of the first kind; while the 
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meromorphic abelian differentials with zero residues will be called of the 
second kind. Finally, a general abelian differential (which may have residues) 
will be called of the third kind. Before proceeding let us record the following 
consequence of the previous proposition. 


Corollary. We can prescribe uniquely either 
a. the “a” periods or 

b. the real parts of all the periods 

of an abelian differential of the first kind. 


Proor. Consider the maps # >C’ and #—R*9 defined by gh 
(Ja, Pr +++ sJa, O) and o (im fa, g,...,Im Ja, ?,1m Jy, y,...,1m f,, @), re- 
spectively. The map # —> C’ is a linear transformation of W viewed as a 
g-dimensional vector space over C, and the map # — R7” is a linear trans- 
formation of # viewed as a 2g-dimensional vector space over R. The 
proposition tells us that these maps have trivial kernels and thus are iso- 
morphisms (since the domains and targets have the same dimensions). 


Remark. Parts (a) of the proposition and its corollary have previously been 
established (Proposition III.2.8). 


III.3.5. Let us consider abelian differentials of the third kind on M. 
Choose two points P and Q on M. It involves no loss of generality to assume 
that the canonical homology basis has representatives that do not contain 
the points P and Q. Let us consider a differential <x, regular (= holomorphic) 
on M\{P,Q}, with 
ordp t= —1 = ordọ 1, (3.5.1) 
respu = 1, reso T= —1. 
Let c be a closed curve on M. It is, of course, no longer true that f, t depends 
only on the homology class of the curve c. However (assuming P, Q are 
not on the curves in question) if c and c’ are homologous, then there is an 
integer n such that 


i mks i} n (3.5.2) 


The easiest way to see (3.5.2) is as follows: Let @ be an arbitrary abelian 
differential of the third kind on M. Let Py,..., P,(k => 1) be the singularities 
of 0. Assume that the canonical homology basis for M does not contain 
any of the points P;. Let c, j= 1,...,k, be a small circle about P;. We 
may assume that the curves 


Ge Ra, bin tonba Chee C 


are mutually disjoint except that aj and b; must cross for j = 1,..., g. It is 
easy to see that on M’ = M\{P,,...,P,}, c, is homotopic to 


g i k-1 

Si ii 
I] bja;b; `a; IT Cj, 
Jil j=1 
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and that the curves 


aA igea oe C Tue 


form a basis for H,(M’). Hence, if c is a curve on M which is homologous 
to zero, then on M” it is homologous to a linear combination of Cams Chats 
Thus there are integers n; with c homologous to )*=! n,c;. The differential 0 
is closed on M’. Hence 


k= k-1 
[.9= E n f, 0=2ni Y n, resp, 6. (3.5.3) 
E JEn J JE 


Clearly (3.5.2) is a special case of (3.5.3). 


In particular, for t as before, fx; t is defined only modulo 2ziZ (hereafter, 
mod 277). 


II.3.6. To get around the above ambiguity, we consider M as represented 
by the polygon æ with identifications. We choose two points P and Q in 
the interior of æ. Let t be a differential of the third kind satisfying (3.5.1). 
By subtracting an abelian differential of the first kind, we normalize t so that 


diel Sicily e (3.6.1) 
ik t is purely imaginary, ieee loas og Ai (3.6.2) 


We denote the (unique) differential t with the first normalization by 
Tpg and the one with the second normalization by wpg. 


Warning. In (3.6.1) we think of a; as a definite curve—not its homology 
class. If we want to think of it as a homology class, (3.6.1) must be replaced 
by 

J, t= 0 (mod 2i), Hei yh (3.6.1a) 
and Tpg is no longer unique. 


Applying (3.0.2) with 0 = ¢; and 6 = Tpg, we obtain 
lhe Heise = ik Tro: 


The line integral around the boundary of .@ can be evaluated by the residue 
theorem, since 


f= % 


with the path of integration staying inside æ. Thus we obtain 
fia Fro = 2ni( AP) — SO), 
. [P 
2ni fa G= f, Tro (3.6.3) 


as long as we integrate ¢; from Q to P along a path lying in æ. 


or 
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Similarly, 
. E g 
2ni li t= I, Ore D Tj ie pg, 
where z; is the (j,!)-entry of the period matrix J. 


III.3.7. We treat now the case where 
0 = TPQ, 0 = Trs 


(P, Q, R, S are all interior points of æ). Here we cannot assert that 0 = df 
on M. To get around this little obstruction, we cut .@ by joining a point 0 on 
ÒM to P by one curve and to Q by another curve. We obtain this way a simply 
connected region M’ (see Figure III.2). 


In M’, 0 = df where 


Now a simple calculation yields 
iL {6 = 2ni[resp f + ress f] 
= 2ni(f(R) — f(S)) 
= 2ni { 6. 


The formula analogous to (3.0.2) is 


fu A= ofa koka] fa 


where c is a curve from 0 to Q back to 0 (“on the other side”) to P and back to 
0. Now the value of f on the + side of c differs from the value of f on the 
— side by 2zi (by the residue theorem). 


Thus 
[7 zil 7 0 IE J = 2ni fË. 


We summarize our result in 


Figure III.2. Illustration for genus 2. 
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(where as before each path of integration is restricted to lie in M” = M' 
{lines joining R and S to Qj). For the differential opo, a similar formula can 
be derived; namely 


R B 
Re f po = Re i ORs- 


II.3.8. Let Pe M and choose a local coordinate z vanishing at P. We 
have seen that there exists on M\{P} a holomorphic differential 6 whose 
singularity at P is of the form 

d 

j-— 


’ 
pi 
ka 


MEE 


Assume that @ is normalized so that it has zero periods over the cycles 
Bigeye Let 


j=, = (x a! de at P. (3.8.1) 
q: 
Then, as before, 


(3.8.2) 


We will denote the differential considered above by the symbol 


(n) 
Tp, 


and note it depends on the choice of local coordinate vanishing at P. (For 
our applications, this ambiguity will not be significant.) 


I11.3.9. A few other possibilities remain. We will not have any use for 
other bilinear relations. The reader who is looking for further amusement 
may derive more such relations. 


IlI.4. Divisors and the Riemann—Roch Theorem 


We come now to one of the most important theorems on compact Riemann 
surfaces—the Riemann-Roch theorem, which allows us to compute the 
dimensions of certain vector spaces of meromorphic functions on a compact 
Riemann surface. The beauty and importance of this theorem will become 
apparent when we start deriving its many consequences in subsequent sec- 
tions. As immediate corollaries, we obtain the fact that every surface of genus 
zero is conformally equivalent to the Riemann sphere and give a new (an- 
alytic) proof of the Riemann-Hurwitz relation. 

Although many definitions will make sense on arbitrary Riemann surfaces, 
most of the results will apply only to the compact case. We fix for the duration 
of this section a compact Riemann surface M of genus g > 0. We let #(M) 
denote the field of meromorphic functions on M. 


70 III Compact Riemann Surfaces 


HI.4.1. A divisor on M is a formal symbol 


Q = Pr pe... pr (4.1.1) 
with P;€ M, «je Z. We can write the divisor QI as 
ee, (4.1.1a) 
PeM 


with a(P) € Z, «(P) 0 for only finitely many Pe M. 

We let Div(M) denote the group of divisors on M; it is the free commutative 
group (written multiplicatively) on the points in M. Thus, if 2 is given by 
(4.1.1a) and 


B = PEP), 
Ant 
then 
AB = PEE 
y 
and 
A`! = Paz 
at 


The unit element of the group Div(M) will be denoted by 1. 
For A e Div(M) given by (4.1.1a), we define 
deg M@= \ a(P). 


PeM 


It is quite clear that deg establishes a homomorphism 
deg: Div(M) > Z 
from the multiplicative group of divisors onto the additive group of integers. 
If f e #(M)\{0}, then f determines a divisor (f) € Div(M) by 
(eee TEE (4.1.2) 


PeM 


It is clear that we have established a homomorphism 
( ):(M)* > Div(M) 


from the multiplicative group of the field #(M) into the subgroup of divisors 
of degree zero (see Proposition 1.1.6). A divisor in the image of ( ) is 
called principal. The group of divisors modulo principal divisors is known 
as the divisor class group. It is quite clear that the homomorphism, deg, 
factors through to the divisor class group. The (normal) subgroup of principal 
divisors introduces an equivalence relation on Div(M). Two divisors W, B 
are called equivalent (QU ~ B) provided that A/B is principal. If f e #(M)\C, 
then 
fi 1(20) = I] pmax{—ordp f,0} 


PeM 
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defines the divisor of poles of (or polar divisor of) f. Similarly, 
ha 1(0) = I] Pmaxtordp S,0} 


PeM 


defines the divisor of zeros of (or zero divisor of) f. Both divisors have the 
same degree as the function f, and since 


f~*(0) 
fe W 


they are equivalent. More generally, for ce C, 


ie (©) (Jem) ae (0). 


Thus the divisor class of f~‘(c) is independent of ce C U {co}. (It will be 
clear from the context when f~ '(c) stands for a divisor or just for the under- 
lying point set.) 

One more remark about equivalent divisors: Let fi and f) be mero- 
morphic non-constant functions on M. Assume that fi= Aef for some 
Möbius transformation A. Then f7 '(00) = f;1(A~"(co)). Thus f7 !(%0) ~ 
fz (0). 

If 0 # w is a meromorphic q-differential, then we define the divisor of 
œw in anology to (4.1.2) by 


(f)= 


(œ) — if poriro 
PeM 

A divisor of a meromorphic q-differential is called a q-canonical divisor, 
or simply a canonical divisor if q = 1. We note that if œ, and w, are two 
non-(identically) zero meromorphic q-differentials, then w,/w,€ #(M)* 
and hence the divisor class of (@,) is the same as the divisor class of (œ). 
We will call it the g-canonical class (canonical class, if q = 1). Since abelian 
differentials exist, the qg-canonical class is just the qth power of the canonical 
class. 


HI.4.2. The divisor W of (4.1.1a) is integral (in symbols, W > 1) provided 
a(P) > 0 for all P. If, in addition, W ¥ 1, then Q is said to be strictly integral 
(in symbols, A > 1). This notion introduces a partial ordering on divisors; 
thus A > B (or A > B) if and only if WW! > 1 (or AB! > 1). 

A function 0 # f e #(M) (resp., a meromorphic q-differential 0 # œ) is 
said to be a multiple of a divisor A provided (f)W~ * > 1 (resp., (w)W- 1 > 1). 

In order not to make exceptions of the zero function and differential, we 
will introduce the convention that (0)21~' > 1, for all divisors W e Div(M). 
Thus, f is a multiple of the divisor 2 of (4.1.1a) provided f = 0 or 


ordpf >a(P), all Pe M. 


Hence such an f must be holomorphic at all points P e M with a(P) = 0; 
f must have a zero of order > a(P) at all points P with a(P) > 0; and f 
may have poles of order < —a(P) at all points P with a(P) < 0. 
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III.4.3. For a divisor W on M, we set 
LQ) = {fe X (M); (f) = W. 
It is obvious that L(QU) is a vector space. Its dimension will be denoted by 
r(Q0), and we will call it the dimension of the divisor XA. 
Proposition. Let W, B e Div(M). Then 
B >= A= LB) = LO) 


PROOF. Write 
B= WS 


with 3 integral. If f e L(B), then (f)B~ 1 > 1. But 
(UW t=(BIJsdso1 
Thus f e L(W). O 
III.4.4. Proposition. We have L(1) = C, and thus r(1) = 1. 
ProoF. If f e L(1), then (f) > 1; that is, 
ordpf>0 allPeM. 


Since f has no poles it is constant by Proposition 1.1.6. E 


IMI.4.5. Proposition. If A e Div(M) with deg A > 0, then r(W) = 0. 


Proor. If 0 # f e L(QU), then deg( f) > deg A > 0, contradicting Proposition 
1.1.6. CL] 


III.4.6. For A e Div(M), we set 


Q(W) = {w; w is an abelian differential with (œ) > W, 
and 
(2) = dim Q(W. 


We call i(Q0), the index of specialty of the divisor A. 
Theorem. For 2 € Div(M), r(A) and i(W) depend only on the divisor class of U. 
Furthermore, if 0 # œ is any abelian differential, then i(Q) = r(M(w)~ '). 


Proor. Let W, be equivalent to W, (that is, W,% 51 is a principal divisor 
or M,A; ' = (f) for some 0 4 f € #(M)). Then the mapping 


L(A) h— hf e L(A) 
establishes a C-linear isomorphism, proving that 
r(W,) = r(A). (4.6.1) 
Next, the mapping 


QA al — * e L(M(w)~ 1) 
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also establishes a C-linear isomorphism proving that 
i(2l) = r(W(w)~ !). (4.6.2) 
Finally, if W, is equivalent to Q,, then (4.6.1) and (4.6.2) yield (upon 


choosing a non-zero abelian differential w) 


iA) = r(A (w) *) = (Ao) ') = i(A,). O 


III.4.7. It is quite easy to verify the following 


Proposition. We have Q(1) = #1(M), the space of holomorphic abelian 
differentials (see Proposition II1.2.7) and thus i(1) = g. 


III.4.8. We will first prove our main result in a special case. 


Theorem (Riemann—Roch). Let M be a compact Riemann surface of genus g 
and Ù an integral divisor on M. Then 


r(A!) = deg N — g + 1 + iW). (4.8.1) 


PROOF. Formula (4.8.1) holds for W = 1 by Proposition III.4.4 and Prop- 
osition II.4.7. Thus, it suffices to assume that M is strictly integral. 


Vie Py om Pom P,eM,n;e€ Z,n; > 0, 


degu = } on, > 0. 
j=1 
Note that C c L(QM~*). Furthermore, if f e L(Q~'), then f is regular on 
M\{P,,...,P,,} and f has at worst a pole of order njat P;. Choosing a local 
coordinate z; vanishing at P,, we see that for such an f, the Laurent series 
expansion at P; is of the form 


yy C jZ}. 


k= =nj 
Consider the divisor 
W = Pars cone Probe U 


Let {a,,...,@,,b;,...,b,} be a canonical homology basis on M. We think 
of the elements of this basis as fixed curves in their homology classes and 
assume they avoid the divisor W. Let Q (W!) be the space of abelian 
differentials of the second kind that are multiples of the divisor W~! and 
have zero “a” periods. We can easily compute the dimension of Q,(2'~ +). 
Recall the abelian differentials t% introduced in III.3.8. For P = P, and 
2<n<n,+1, tp e QW- t). Thus 


dim Q,(Y~') > } n; = deg AL. 


1 


a. 
i] 
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Conversely, if œ € Qo(W'~ +), then 
o=( ` dpat) az; with d; -1 =0 
k=-nj-1 
in terms of the local coordinates z;. Thus we define a mapping 
SCOLO 
by setting 
soda e een daa e a A eee ene) 


If w e Kernel S, then œ is an abelian differential of the first kind with zero 
“a” periods, and hence œw = 0 by Proposition III.3.3. Hence S is injective, 
dim Q,(2U’~') = deg M, and every œw € Q (AW!) can be written uniquely as 


o=Y YY dark. (4.8.2) 


We consider the differential operator 
d: L(M~*) + Q,(’~'). 


Since Kernel d = C, it is necessary in order to compute r(A +) to charac- 
terize the image of d. Now œ e dL(AW +) if and only if œ has zero “b” periods. 
We conclude that 

dim Image d > deg A — g (4.8.3) 


(since each “b” curve imposes precisely one linear condition). Using the 
“classical” linear algebra equation 
r(A +) = dim Image d + 1, (4.8.4) 
we obtain from (4.8.3), the Riemann inequality, 
r(A!) > deg A — g t+ 1. 
To obtain the Riemann-Roch equality we must evaluate dim Image d. We 


use bilinear relation (3.8.2), to observe that the differential w of (4.8.2) has 
zero b, period if and only if 


m me 1 
2ni ——_ dig, _.(P,) =0, 4.8. 
ed mete jk k 2( j) ( 8.5) 
where {C,,...,¢,} is a basis for the holomorphic differentials of the first 
kind dual to our canonical homology basis and the power series expansion 
of ¢, in terms of z; is given (in analogy to (3.8.1)) by 


ći = ( 5 (PA) dzj at R 


=0 
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We recognize from (4.8.5) that the image of d is the kernel of a certain operator 
from C*8™ to C9, Consider the operator 


T:Q(1) > Cheu 


defined by T(w) = (e10... 261, n = 1582,03 © © + 2€m,0> © © < Emn - 1), Where w e 
Q(1) has Taylor series expansion 


(3 enzi) dz; at By: 
k=0 


Represent the linear operator T with respect to the basis {f,,...,C, of Q(1) 
and the standard basis of C4*®™ as the matrix 


a (Pa) aP) = af(P,) 
oi? i(P;) i 20) i(P;) 
ab (P3) ap (P2) 
(Py TA 
oi. (Pm) w WE oee 0 (Pm) 


Thus we recognize that 
Image d = Kernel 'T. 


We thus conclude that 
dim Image d = dim Kernel 'T = deg A — dim Image 'T 

= deg A — dim Image T 

= deg A — (dim Q(1) — dim Kernel T). 
Since Kernel T = Q(21), and dim Q(1) = g, we have shown that 

dim Image d = deg A — g + i(2), 
and (4.8.4) yields (4.8.1). CJ 
III.4.9. We collect some immediate consequences of our theorem. 
Corollary 1. If the genus of M is zero, then M is conformally equivalent to the 
complex sphere C U {ao}. 
PRoor. Consider the point divisor, P e M. Then 
iE *) =: 


Thus, there is a non-constant meromorphic function z in L(P~*). Such a 
function provides an isomorphism between M and C U {oo} by Proposition 
I.1.6. = 
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Corollary 2. The degree of the canonical class Z is 2g — 2. 


Proor. If g = 0, then compute the degree of the divisor dz (which is regular 
except for a double pole at oo). Thus we may assume g > 0. Since the space 
of holomorphic abelian differentials has positive dimension, we may choose 
one such non-trivial differential; say ¢. Since (Ç) is integral 

r((¢)*) = deg(C) — g + 1 + i((¢)). 
By Theorem III.4.6 we have r((¢)~ 1) = i(1) and i((¢)) = r(1). Thus we have 
g = deg(£) — g + 1 + 1, and hence the corollary follows. D 


Corollary 3. The Riemann-Roch theorem holds for the divisor A provided 
that 


a. YW is equivalent to an integral divisor, or 
b. Z/ is equivalent to an integral divisor for some canonical divisor Z. 


Proor. Statement (a) follows from the trivial observation that all integers 
appearing in the Riemann—Roch theorem depend only on the divisor class 
of A (by Theorem III.4.6). Thus, to verify (b), we need verify Riemann-Roch 
for U provided we know it for Z/W. Now 
i(W) = r(W/Z) = deg Z/A — g + 1 + i(Z/W) 

= deg Z — deg M—gt+14+r(W') 

= 2g — 2 — deg A — g + 1 + r(A '). 
Hence, we have proven the Riemann-Roch theorem for A. O 


I.4.10. To conclude the proof of the Riemann—Roch theorem (for arbitrary 
divisors), it suffices to study divisors A such that neither W nor Z/ is equi- 
valent to an integral divisor, for all canonical divisors Z. 


Proposition. If r(A +) >0 for %eDiv(M), then W is equivalent to an 
integral divisor. 

Proor. Let 0 # f e L(Q'). Then (f) is integral and equivalent to W. O 
Corollary. If i(2l) > 0 for We Div(M), then Z/A is equivalent to an integral 
divisor. 

Proor. Use i(W) = r(W/Z). m] 
I11.4.11. If A e Div(M), and neither A nor Z/A is equivalent to an integral 


divisor, then i(W) = 0 = r(A +). Thus, the Riemann—Roch theorem asserts 
in this case (to be proven, of course) 


deg W = g — 1. (4.11.1) 


Thus verification of (4.11.1) for divisors Qf as above will establish the following 
theorem. 
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Theorem. The Riemann-Roch theorem holds for every divisor on a compact 
surface M. 


Proor. We write the above divisor A as 
Q = W,/A,, 


with Wj (j = 1,2) integral and the pair relatively prime (no points in common). 
We now have 


deg A = deg A, — deg M, 
and by the Riemann inequality 
r(Wy*) > deg A; —g+1=deg W, + deg A — g + 1. 


Assume that 
deg A > g. 
We then have 
r(A *) > deg W, +1. 


Thus, we can find a function 0 ¥ fe L(t; ') that vanishes at each point in 
U, (to the order specified by this divisor). (Vanishing at points of W, 
imposes deg M, linear conditions on the vector space L(y"). If r(Qtz*) 
is big enough, linear algebra provides the desired function.) Thus fe 
L(A, /2,) = L(A), which contradicts the assumption that r(A +) = 0. Hence 


deg W<g—1. 
Since 0 = i(20) = r(W/Z), it follows that 


deg(Z/2) < g — 1, 
or 
deg W>g—1, 


concluding the proof of the Riemann-Roch theorem. E 


II.4.12. As an immediate application of Corollary 2 to Theorem III.4.8 we 
give another proof of the Riemann—Hurwitz formula (Theorem 1.2.7). Our 
first proof was topological. This one will be complex analytic. Let f be an 
analytic map of a compact Riemann surface M of genus g onto a surface N 
of genus y. Let n = deg f. Let w be a meromorphic q-differential on N. We 
lift w to a meromorphic q-differential Q on M as follows: Let z be a local 
coordinate on M and ¢ a local coordinate on N. Assume that in terms of 
these local coordinates we have 


C= f(z). 
h(C) acs 


If% is 


in terms of ¢, then we set Q to be 


h( f(z) ) f(z) dz4 (4.12.1) 
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in terms of z. Note that if z is replaced by z,, with z = w(z,), then in terms 
of z; the map f is given by 
C = (f ° w)(2)), 

and thus we assign to Z; 

h( f(w(21))) f (w(21)}w'(z1) dz5 
which shows that Q is indeed a meromorphic q-differential. Without loss of 
generality, we may assume that for P € M, z vanishes at P, ¢ vanishes at 
J (P), 


C = Se 


From this and (4.12.1) we see that 
ordp Q = (b,/(P) + l)ord sp) œ + gb,(P). (4.12.2) 


Formula (4.12.2) will be very useful in the sequel. For the present we merely 
use it for q = 1. We rewrite it as (for q = 1) 


Let us choose an abelian differential œ that is holomorphic and non-zero 

at the images of the branch points of f. (With the aid of Riemann-Roch 

(and allowing lots of poles) the reader should have no trouble producing 

such an w. If y > 0, œ can be chosen to be holomorphic.) We wish to add 

(4.12.3) over all Pe M. Observe that Corollary 2 of Theorem III.4.8 gives 
X ordp 2 = 2g — 2, 


PeM 


and recall that by definition 
Y b,(P) = B. 


PeM 


We need only analyze 


Dea aah Coun ca X orda 


PeM 
bs(P)=0 


=n ordy w= n(2y — 2). 
QeN 
This last equality is a consequence of the fact that each Q e M with 
ordg w # 0 is the image of precisely n points on M. 


III.4.13. We discuss some elementary concepts that will turn out to be useful 
throughout this book. If D is a divisor on M given by the right side of the 
equality in formula (4.1.1a), then the integer «(P) will be called the order or 
multiplicity of D at P e M. The complete linear series or system of the divisor 


D, denoted by the symbol |D], is the set of integral divisors equivalent to 
D. 
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Proposition. For every divisor D on M, the points in |D| are in one-to-one 
canonical correspondence with the points in PL(1/D), the projective space of 
the vector space L(1/D). 


Proor. If D; e|D]|, then D, is integral and D, = D(f) for some not 
identically zero meromorphic function f on M. Since D, > 1, f e L(1/D). 
Conversely, for every f e L(1/D), D(f) is an integral divisor equivalent to D. 
Two functions f and g in L(1/D) define the same divisor if and only if 
f = 4g for some non-zero complex number 4. Thus |D] is the projectiviza- 
tion of L(1/D). O 


A linear subspace of a complete linear series is called a linear series or 
system. A linear series of the divisor D is thus of the form 2 = PV, where V 
is a vector subspace of L(1/D); this linear series is said to be a gj if 


deg D = d, dim V =r + 1. 


A base point of the linear series 2 is a point common to all the divisors in 
the space 2. 

Assume that P is a base point of a linear series. Using the above 
notation, we see that this means that (f)D > P for all fevV or that the 
multiplicity of P in every divisor in 2 is greater than minus the multiplicity 
of P in D. In particular, if we are considering the complete linear series of 
the divisor D and if the multiplicity of P in D is zero, then P is a base point 
of |D| if and only if every function in L(1/D) vanishes at P. 


II.5. Applications of the Riemann—Roch Theorem 


What can we say about the meromorphic functions on the compact Riemann 
surface M with poles only at one point? What is the lowest degree of such a 
function? In this section we shall show that on a compact Riemann surface 
of genus g > 2, there are finitely many points Pe M (called Weierstrass 
points) such that there exists on M a meromorphic function f regular on 
M\{P} with deg f < g. 

We shall see when we study hyperelliptic surfaces (in I.7) and when we 
study automorphisms of compact surfaces (in Chapter V) that these 
Weierstrass points carry a lot of information about the Riemann surface. 

Throughout this section, M is a compact Riemann surface of genus g 
(usually positive), and Z e Div(M) will denote a canonical divisor. 


IM.5.1. We recall (to begin) that the Riemann—Roch theorem can be written 
for D € Div(M) as 
r(D~1) = deg D — g + 1 + r(D/Z). (5.1.1) 
Furthermore, 
r(D) = 0 provided deg D > 0, (5.1.2) 
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and 
i(D) = 0 provided deg D > 2g — 2. (5.1.2a) 
If deg D = 0, then 
. r(D) < 1, (5.1.3) 
and 
r(D) = 1 = D is principal. (5.1.4) 


Finally, for any q € Z 


L(Z~*) = #%(M), the vector space of 
holomorphic q-differentials. G5) 


To verify (5.1.5) note that we can choose an abelian differential w # 0 
such that (œ) = Z, and now observe that f € L(Z~‘) if and only if fœ? is a 
holomorphic q-differential. The mapping 


L(Z ~?) 3a fœ fot e #4(M) 
establishes a C-linear isomorphism between the spaces involved. 


HI.5.2. Proposition. Let qe Z. The dimension of the space of holomorphic 
q-differentials on M is given by the following table: 


Genus Weight Dimension 
gO q<0 1 — 2q 
q>0 0 
g=1 all q 1 
(aj Sl q<9 0 
q=0 1 
a= g 
q>1 Qa — 1)(g — 1) 


Proor. Let D = Z? in (5.1.1), then 
r(Z-%) = (2g= 1)(g — 1) + r(Z**). (5.2.1) 


From (5.1.5), the dimension to be computed is r(Z~ 9). 
Assume that g > 1. If q < 0, then 


deg Z 4 = —q(2g — 2) > 0, 


and thus r(Z~ 4) = 0 by (5.1.2). We already know that r(1) = 1, and that 
r(Z_ 1) =g. For q > 1, r(Z1 +) = 0 (by what was said before), and (5.2.1) 
gives a formula for r(Z~ 9). 

Next for g = 1, (5.2.1) reads 


r(Z~4) = r(Z*"), (5.2.2) 


and hence gives little information. If 0 # œ is a holomorphic q-differential, 
it must also be free of zeros (deg(w) = 0). Thus w™ is a (—q)-differential. 
Let œw be a non-trivial holomorphic differential. Multiplication by œ estab- 
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lishes an isomorphism of #%(M) onto #%*1(M), for every integer q. From 
r(1) = 1, we conclude that r(Z?) = 1, by induction on q. 

Finally, for g = 0, deg Z = —2. Thus r(Z") = 0 for n < —1, and (5.2.1) 
yields the required results. LJ 


EXERCISE 

Establish the above proposition for g = 0 and 1 without the use of the Riemann—Roch 
theorem. (For g = 0, write any w € #(M) as w = f dz" with f e X (M). Thus f is a 
rational function. Describe the singularities of f.) 


11.5.3. Theorem (The Weierstrass “gap” Theorem). Let M have positive 
genus g, and let P e M be arbitrary. There are precisely g integers 


l=n, <n,<°:'<n,<2g (5.3.1) 


such that there does not exist a function f e #(M) holomorphic on M\{P} 
with a pole of order n; at P. 


Remarks 


1. The numbers appearing in the list (5.3.1) are called the “gaps” at P. Their 
complement in the positive integers are called the “non-gaps”. The 
“non-gaps” clearly form an additive semi-group. There are precisely g 
“non-gaps” in {2,...,2g} with 2g always a “non-gap.” These are the 
first g “non-gaps” in the semi-group of “non-gaps.” 

2. The Weierstrass “gap” theorem trivially holds for g = 0. Since on the 
sphere there is always a function with one (simple) pole, there are no 
“gaps”. 

3. The Weierstrass “gap” theorem is a special case of a more general theorem 
to be stated and proven in the next section. 


HI.5.4. We stay with the compact Riemann surface M of positive genus 


g. Let 
PP on Pasta 


be a sequence of points on M. Define a sequence of divisors on M by 
Do=h Dj+1 = DjPj+1, Le ey 
We now pose a sequence of questions. 
Questions); (p= 1224.3 
Does there exist a meromorphic function f on M with 
(f)=D;! and (f)#Dj4,2 
We can also phrase the question in another way. Does there exist a (non- 


constant) function f € L(D; ')\L(Dj—’,)? 


Theorem (The Noether “gap” Theorem). There are precisely g integers n, 


satisfying (5.3.1) such that the answer to Question “j” is no if and only if j is 
one of the integers appearing in the list (5.3.1). 
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Remark. Taking 

Poa Pee he = a Pe a 
we see that the Weierstrass “gap” theorem is a special case of the Noether 
“gap” theorem. We shall say that j is a “gap” provided the answer to Question 
“j” is no. When there is need, we will distinguish the “Weierstrass gaps” 
from the “Noether gaps”. 


PROOF OF THEOREM. The answer to Question “1” is always no, since g > 0. 


66299 


Thus n, = 1, as asserted. The answer to Question “j” is yes if and only if 
r(D; *) — r(Dj_',) = 1 (the answer is no if and only if r(D; +) — r(Dj_’,) = 0). 
From the Riemann-—Roch theorem 

r(D; *) — r(D;4) = 1 + i(D;) — i(D;-;). (5.4.1) 
Thus for every k > 1: 


k 
nD, *) - (Do ")= X, (r(Dj') — r(Dj-4)) 


j=1 


k 
=k+ 2 ((D,) — i(D;-1)) = k + i(D,) — i(Do), 
j=1 


or 
AD DED 9, 


and this number is the number of “non-gaps” <k. Thus for k > 2g — 2 
(thus deg D, > 2g — 2 and i(D,) = 0) 


k — (number of “gaps” < k) = k — g. 
Thus there are precisely g “gaps” and all of them are <2g — 1. T 


IMI.5.5. We now begin a more careful study of the Weierstrass “gaps”. 
Let P e M be arbitrary, and let 


E OO Oe 


be the first g “non-gaps”. 


Proposition. For each integer j, 0 < j < g, we have 


Xj T g=; Z 2g. 


PROOF. Suppose that a; + «,-; < 2g. Thus for each k <j we would also 
have «, + a, ; < 2g. Since the sum of “non-gaps” is a “non-gap”, we would 
have at least j “non-gaps” strictly between a, jand «,. Thus at least (g — j) + 
j+1=g9+1 “non-gaps” <2g, contradicting the fact that there are only 


g such “non-gaps”. E 
III.5.6. Proposition. If «, = 2, then a; = 2j and ea e = 29 for.) =< j < g. 


ProoF. If «, = 2, then 2, 4,..., 2g are g “non-gaps” <2g, and hence these 
are all the “non-gaps” <2g. ie 
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I11.5.7. Proposition. If «, > 2, then for some j with 0 < j < g, we have 
Oo; Oe) > 2g. 
Proor. If g = 2, then our assumption implies that «, = 3 and «, = 4 and 
there is nothing to prove. If g = 3, then the possible “non-gaps” are {3,4,6}, 
{3,5,6}, and {4,5,6}, and again there is nothing to prove. So assume that 
g = 4. We assume that a, + %,-; = 2g for all j with 0 < j < g. For q e€ R, let 
[q] be the greatest integer <q. Then ,, 20,,..., [2g/a,]«, are “non-gaps” 
<2g. If «, > 2, then the above accounts for at most 3g < g “non-gaps”, and 
there must be another one <2g. Let « be the first “non-gap” not appearing 
in our previous enumeration. For some integer r, 1 < r < [2g/«,] < g — 1, 
we must have 
ra, << (r+ 1). 


Thus we have “non-gaps” 
Oy, X= 201, Rie ONE) a, = 101, O41 = 4, 
and by our assumption 


g-1 = 2g Ei Xis ...3 Xg-r I5 2g = ra, Xg-(r+1) == 2g = (°F, 


The integers in the last line are all the “non-gaps” which are >a,_(,4,, and 
<2g. It follows that 


Ai + &g-¢+1) = 41 + 2g — a = 2g — (a — 41) > 2g — ra, = ay. 
It therefore follows that there is a “non-gap” <2g, greater than «,_, and not 


in the list «4—1, - = .5%g—(+4)- This is an obvious contradiction. c 


Corollary. We have Poe 
D Qj = g(g = 1), 
j=l 


with equality if and only if a, = 2. 


Proor. From Proposition III.5.5, 2 321 a, = 2g(g — 1). Furthermore if 
a, = 2, then we have equality in the above by Proposition III.5.6. If «; > 2, 
we must have strict inequality by Proposition III.5.7. E 


III.5.8. We have seen in III.5.4, that j > 1 is a “gap” at P e M if and only if 


PaB TON 
if and only if 
i(Pi-1) — i(P/) = 1; 


that is, if and only if there exists on M an abelian differential of the first kind 
with a zero of order j — 1 at P. Thus the possible orders of zeros of abelian 
differential of the first kind at P are precisely 


Dm -lemn la aE A 


where the n,’s are the “gaps” at P (appearing in the list (5.3.1)). The above 
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situation is a special case of a general phenomenon, which we shall proceed 


to study. 

Before proceeding to study the general situation, let us observe that we 
have established the following basic Fact. Given a point P on a compact 
Riemann surface M of genus g > 0, then there exists an abelian differential 
w of the first kind (œw e #*(M)) that does not vanish at P (that is, ordp œ = 0). 


Let A be a finite-dimensional space of holomorphic functions on a 
domain D c C. Assume that dim A =n > 1. Let ze D. By a basis of A 
adapted to z, we mean a basis {@,,...,@,} with 


Ord, Oy <01d; Of Er < Olds O (5.8.1) 


To construct such a basis, let 


Hy = min {ord, p}, 
peA 


and choose o, € A with ord, @, = u. Then 
A, = {ọ € A; ord, ọ > ui} 
is an (n — 1)-dimensional subspace of A, and we can set 


u = min {ord, ọ}. 
peda, 
By induction, we can now construct the basis satisfying (5.8.1). The basis 
adapted to z is (of course) not unique. We can make it unique as follows: 
Let u; = ord, y;. Consider the Taylor series expansion of o jat z (in terms 
of ¢) ` 
p(t) = ` an Ze 


k=0 


We may and hereafter do require that 
lk =7 
Quy j a ie k = a 


Remark. On a Riemann surface “the unique” basis adapted to a point will, 
of course, depend on the choice of local coordinate. 
It is obvious that 4; > j — 1. We define the weight of z with respect to A by 


Were fake | art 


t(z) = y Gif (5.8.2) 


Proposition. Let {~,,...,Q,} be any basis for A. Consider the holomorphic 
function (the Wronskian) 


@i(Z) °°" @al2) 


(z) = det ae pi a i (5.8.3) 


py TAE E te PEER) 
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Then 
ord, ® = 7(z). 


PROOF. It is easy to see that a change of basis will lead to a non-zero constant 
multiple of ©. Hence we may assume, whenever necessary, that the basis 
used is adapted to the point z. Let us abbreviate equation (5.8.3) by 


(z) — det[@,(z), Cid (2) |. 


In order to prove the proposition we derive some easy properties of the 
function ®. First: for every holomorphic function f, 


det [fas oss Op leah det (Oi, Pn (5.8.4) 
This follows from well-known properties of determinants. Explicitly, 


det[ 1, tee Ln] 


fo, eels SOn 
fo, + f'o: On tah O 
= det| fo + 2f’9i + f"@1 = fo, + 2F On +f Pn 

fot V+- +f" Yo, oe fom D4---+ fe YQ, 
Qı EO, 

ie for, + f'o 1 fOn t+ S On 
fot +--+" YO, BASES for Y4---4+ fo, 
Pı TOR Pn 

EAA m i l 
fon Dee +f" YQ, ee foe DV 4-- +f" Yo, 


where the last equality arises from multiplying the first row of the determinant 
by —f’ and adding the result to the second row. In a similar fashion we can 
remove from each column the appropriate multiple of o; leaving us with the 
previous expression equal to 


Qı SERO 
foi zec 
fdet| foi + 2f'oi aao Ia AE On 
fot) 4 etn E A > fee Dae E 1s? %, 
Pi SN 
pi EN Op 


= f? det| fol + 2f'¢1 a RO A 


fot E S PM REEE ESE MG, 
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We now repeat the same procedure to remove from each column the appro- 
priate multiple of gj. This clearly terminates with the preceding equal to 


adeo TERTON] 


We now turn our attention to the proof of the proposition which shall be 
by induction on n. Clearly the result is true for n = 1. Let us now assume that 
the proposition is true for n = k. Explicity we are thus assuming that 


k 
ord, det[g,,....9,] = } (uj-j+ 2), 
j=l 


where pu; = ord, g;. Consider now det[@,,...,@,+,]. It is clear from the 
preceding remarks that 


det[9,, vas Pr+il = gi det[1,02/9,, Tr x+1/P1)- 


Now the right-hand side is simply g{** det[(p2/9,),.. . (@,+1/@1)']. The 
induction hypothesis now gives that 


ord, {pi*" det[(p2/1)’, .--5 (Px+1/P1 YI} 


me ke DE S Dice tia) 


k+1 
Taty Ub, 
if 


provided that for each j, u; — (j — 1) — u, > 0. Since the {gj} are a basis 
adapted to z, this inequality is always satisfied, and we have 
k+1 


ord, det[@1,....@r41] = ¥ (uj —j + 1). 


J= 


This concludes the proof of the proposition. 


Remark. Let {@;,..., @n} be any set of n holomorphic functions on D. We 
can define ® = det[g,,...,@,,]. Our argument here shows that @ is iden- 
tically zero if and only if the functions @,,...,@, are linearly dependent. 


Corollary 1. Let A be a finite-dimensional space of holomorphic functions on 
a domain D c C. The set of ze D with positive weight with respect to A is 
discrete. 


Corollary 2. Under the hypothesis of Corollary 1, for an open dense set in D, 
the basis {@,,...,@,} of A adapted to z has the property 


ord, 9; =j — 1. 


Proor. By the hypothesis ord, j= yj. It follows from Corollary 1 that 
Thee yin ay (u; — j + 1) =0 for an open dense set. Since (as we have pre- 
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viously remarked) u; >j — 1 we have y;=j —1 for each j, on this open 
dense set. E 


I11.5.9. The considerations of the last paragraph apply (of course) to the 
space #%(M) of holomorphic q-differentials (q > 1) on a compact Riemann 
surface of genus g > 1. A point P e M will be called a q-Weierstrass point 
provided its weight with respect to #%(M) is positive. A 1-Weierstrass point 
is called simply a Weierstrass point or a classical Weierstrass point. It is clear 
from the ideas in the previous paragraph that we have the following 


Proposition. A point P on a Riemann surface M of genus g > 2 is a q-Weier- 
strass point if and only if there exists a (not identically zero) holomorphic q- 
differential on M with a zero of order > dim #%(M) at P. For q = 1, this 
condition is equivalent to either (and hence both) 


aa), 20,07 
b. r(P~9) > 2 (that is, at least one of the integers 2,..., g is not a “gap”). 


111.5.10. There are clearly no q-Weierstrass points (for any q > 1) on a 
surface of genus 1. We assume thus that g > 2. 


Proposition. For g > 2, q = 1, let t(P) be the weight of Pe M with respect 

to HM). Let W, be the Wronskian of a basis for #%(M). Set d = d, = 

dim #4%(M). Then ‘W, is a (non-trival) holomorphic m = m,-differential Te 
= (d/2)(2qg—1+ d). Hence 


X Aag e l a d). 


PeM 


PRroor. We must merely verify that the determinant ® defined by (5.8.3) 
transforms F an m-differential under changes of coordinates. Explicitly, 
let E \ be a basis for #%(M). Let z and Z be local coordinates with 
Z= f(z)on ane overlap of their respective domains. Assume that 


Cj = o;(z) z= @ (2) dZ4 
(that is, 
B (f(z) )f C = (Zz) 


in terms of the local coordinates z and Z. We must show that 


(det[@,,... ,@4])dz™ = (det[@,, . . . ,G4]) 42”. (5.10.1) 
But it is easy to verify that 


det[@, POES Pa] cE det[(@, g IKOE: saaye (Pa £ ISO] 
KCA G1, .-- Ga] of), 
which is equivalent to (5.10.1). O 


Corollary. For g > 2 there are q-Weierstrass points for every q = 1. 


88 III Compact Riemann Surfaces 


Proor. Any m,-differential always has zeros. O 


IMI.5.11. We now finish the study of classical Weierstrass points (the case 
q = 1): 


Theorem. For g > 2, the weight of a point with respect to the holomorphic 
abelian differentials is <g(g — 1)/2. This bound is attained only for a point P 
where the “non-gap” sequence begins with 2. 


Proor. We have seen that (Proposition III.5.10) 
È (P) = (g —1)9(9 + 1). (5.11.1) 


PeM 
The above, of course, gives a trivial estimate on t(P). We need a better one. 
Let 2 <%, <a, <`: < a = 2g be the first g “non-gaps” at P. Then let 1 = n; 
<n <::: <n < 2g be the g-“gaps” at P. (That is, the sequence of n,’s is 
the complement in {1,...,2g} of the sequence of «,’s.) Then (recall III.5.8) 


g g 


29 g 
O A aa 
J= je J= 


J= 


2de l g=1 3g 
a idles ie ais ae ee 
j=gt1 TEI 
= g(g — 1)/2, 
by the Corollary to Proposition III.5.7, with equality holding if and only 
if æ; = PA a 


Corollary. Let W be the number of Weierstrass points on a compact surface of 
genus g > 2, then 2g +2 < W < g? — g. 


PROOF. The first inequality follows from (5.11.1) and the fact that the max- 
imum weight of a Weierstrass point is g(g — 1)/2 > 0. The second from the 
fact that the minimum weight of a Weierstrass point is 1 (so called simple 
Weierstrass points). O 


Remark. The first equality is attained if and only if at every Weierstrass 
point the “gap” sequence is 1, 3,..., 2g — 1. These are the hyperelliptic sur- 
faces to be studied in III.7. The second equality is attained if and only if the 
“gap” sequence at each Weierstrass point is 1,2,..., g — 1,g + 1. Existence 
of such surfaces will be demonstrated in VII.3.9. 


II1.5.12. In this section we present an interesting application of the theory 
developed so far, and exhibit a striking difference between open and closed 
Riemann surfaces. If M is a Riemann surface, then we define the (first) 
holomorphic de Rham cohomology group as the vector space of holomorphic 
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differentials on M factored by the subspace of exact holomorphic differentials 
(the latter are the images of holomorphic functions under the differential 
operator d). We denote this group by Hj.(M). It is obviously a complex 
vector space. We have seen that if M is a compact surface of genus g, then 


dim Hyoi(M) = g. 


Theorem. Let M be a compact Riemann surface of genus g > 0 and let P,, 
..., P, be k > 0 distinct points on M. Set M' = M — {P,,...,P,}. Then 


dim Hia (M) = 2g + k — 1. 


Further, each element of H},,(M') may be represented by an abelian differ- 
ential of the third kind on M that is regular on M' has a pole of order at most 
2g at P, and at most a simple pole at P, j = 2, ..., k. 


Proor. We observe that the rank of H,(M’), the first homology group of 
M’, is 2g + k — 1. A holomorphic 1-form on M' that has zero periods over 
a basis for H,(M’) must be exact. Hence we conclude that 


dim Hi,(M’) < 2g +k—1. 


Since the d operator sends regular functions to regular differentials, mero- 
morphic functions to meromorphic differentials, and functions with essen- 
tial singularities to differentials with essential singularities, the theorem will 
be proved if we show that the quotient of the meromorphic 1-forms on M 
that are regular on M’ by the subspace of images under d of the mero- 
morphic functions on M that are regular on M’ is exactly (it would suffice 
to show it is at least) 2g + k — 1. 

We use induction on k. Assume that k = 1. For each integer n with 
n > 2g, there exists a meromorphic function f on M which is regular on 
M — {P,} and has a pole of order n at P,. Therefore, every meromorphic 
1-form on M which is regular except possibly at P, is equivalent modulo 
exact forms to one with a pole of order at most 2g. We compute the 
dimension of 


Q(P; **) 
aL (Pas ) F: 


The above dimension equals i(P; 2%) — (r(P; 74*") — 1) since the kernel of d 
consists of the constants. The Riemann—Roch theorem shows that the 
above difference is 2g. Hence the result is verified for Koel! oO 


Assume now that k>1 and let M” = M — {Py,...,P,-1}. We assume 
that the theorem holds on M”. Observe that (by the Noether “gap” 
theorem, for example) for each positive integer n, there exists a mero- 
morphic function on M which is regular except possibly at P, and P, and 
which has a pole of order n at P,. It follows that in passing from M” to M’ 


90 II Compact Riemann Surfaces 


the dimension of the de Rham cohomology group can go up by at most 
one. To show that it actually increases, we observe that the differential of 
the third kind @p,p, is not holomorphic on M” and represents a nontrivial 
(since it cannot possibly be exact) class in the cohomology group of M’. 


111.5.13. We shall now refine the results of the last section and give an 
alternate proof of the inequality 


dim Hj,,(M’) > 2g +k —1. 


We single out one of the punctures on M’, say P,, and then construct a 
unique representative for each cohomology class in H,.,,(M’). We choose 
holomorphic forms on M’ as follows: 


(a) a basis for the holomorphic differentials of the first kind on M (for 
example, a normalized basis C,, ..., ¢, dual to some canonical homology 
basis on the compact surface (without punctures)) as defined by Propo- 
sition ITI.2.8; 

(b) for j = 2, ..., k, we let t; be any meromorphic differential of the third 
kind on M that is regular on M’ and has simple poles at both P, and P, 
(if k = 1, then we do not need any differentials of the third kind); and (c) 


for j = 1,..., g, we let 6; be any meromorphic differential of the second 
kind on M that is regular on M’ and has a pole of order Ngee Leah ba, 
where n,,..., n, is the “gap” sequence at P}, see (5.3.1). 


(c) We note that n, + 1 < 2g and that we can take for 6; the differential 
tp’) defined in III.3.8. We now have the following: 


Proposition. Each element of H}„(M') is uniquely represented by a mero- 
morphic differential in the linear span of the 2g + k — 1 linearly independent 
differentials defined by (a), (b), and (c). 


PROOF. Let us write an element in this span as ¢ + t, where ¢ is of the first 
kind and t is of the third kind. Assume that this differential is exact and 
equal to df, then t must be zero since an exact differential cannot have any 
non-zero residues. Let —n = ordp, ¢. If n>0, then n>1 and deg f = 
—ordp, f =n — 1 contradicting the fact that n—1 is a gap. Thus n <0 
and ¢ is of the first kind (on M). It must hence be the zero differential. 


(E 


Remark. The differentials in (a) and (b) span OEP): 


Corollary. If P, is not a Weierstrass point on M then each element of 
Hyoi(M’) is uniquely represented by a meromorphic differential in 


(P,P dee: Paty, 
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II.6. Abels Theorem and the Jacobi 
Inversion Problem 


In this section we determine necessary and sufficient conditions for a divisor 
of degree zero to be principal (Abel’s theorem), and begin the study of the 
space of positive (integral) divisors on a compact Riemann surface. To each 
compact surface of positive genus g, we attach a complex torus (of complex 
dimension g) into which the surface is imbedded. This torus inherits many of 
the properties of the Riemann surface, and is a tool in the study of the surface 
and the divisors on it. 

The Riemann-Roch theorem showed that every surface of genus 0 is 
conformally equivalent to the sphere C U {co} (Corollary 1 in HI.4.9). Abel’s 
theorem (Corollary 1 in II1.6.4) shows that every surface of genus | is a torus 
(C modulo a lattice). These are uniformization theorems for compact surfaces 
of genus g < 1. For uniformization theorems for surfaces of genus g > ye 
we will have to rely on different methods (involving more analysis and 
topology). These methods, which will be applicable to all surfaces, will be 
treated in IV.4 and IV.5. 

Throughout this section M represents a compact Riemann surface of 
genus g > 0. 


I11.6.1. We start with 
Ngo andia Di ese) = {a,b}, 
a canonical homology basis on M, and 
{Gesmaxstyhiz K} 
the dual basis for #'(M); that is, 


f G= om jk=1,2,...,g. 


We have seen in II.2, that the matrix M with entries 
ES J Kg; 


is symmetric with positive definite imaginary part. Let us denote by L = L(M) 
the lattice (over Z) generated by the 2g-columns of the g x 2g matrix (L,I). 
Denote these columns (they are clearly linearly independent over R) by 
oY) 2, e9, n®,...,n®. A point of L can be written uniquely as 


es 


g s 
me? + 
2 - 


g 
ny, with m,,n;e Z, 
j= =1 


or 


Im+IIn with m= (m,,...,m,)€Z% and n = “(n,,...,n,) E Z’. 
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We shall call J(M) = C%/L(M) the Jacobian variety of M. It is a compact, 
commutative, g-dimensional complex Lie group. We define a map 


g:M > J(M) 


by choosing a point Po € M and setting 


ane fe (fe fe) 


Proposition. The map ¢ is a well defined holomorphic mapping of M into J(M). 
It has maximal rank. 


ProorF. Let c, and c, be two paths joining P, to P, then c,c; * is homologous 
to (a,b)["] for some m, n e Z’. Thus 
fe- f= Im+ Ine LM). 
cy (5) 


If z is a local coordinate vanishing at P and q,,..., P; are the components 
of ọ (in C°), then writing ¢; = n;dz, we have 


P z 
o;(z) = | Cit | n,(z) dz, 
Po 0 


and we see that 


Thus ọ would not have maximal rank if there were a point at which all the 
abelian differentials of the first kind vanished. Since this does not occur 
(recall III.5.8), the rank of ọ is constant and equals one. LJ 


A map w: M > J(M) of the form 
W(P)=o(P)+c, PeM, 


with fixed c e J(M) will be called as Abel—Jacobi embedding of M and its 
Jacobian variety. 


HI1.6.2. Let, for every integer n > 1, M, denote the set of integral divisors 
of degree n. We extend the map ọ: 


g:M, > J(M) 
by setting for 


DERE ae g(D) = > ọ(P). 
Heil 
Note that (since (D) = g(PoD)) 
P(Mn+1) > e(M,) > ++: > @(M,) = g(M). 


We can also obtain a map that does not depend on the base point Po. 
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Let Div® (M) denote the divisors of degree zero of M; define 

~:Div(M) > J(M) 
by setting 

p(D) = 3 o(P;) — ` (Q)) 
for Ti E 
D- PEAP OO: 

It is clear that if r = s, p(D) is independent of the base point; that is, the map 

o:Div®(M) > J(M) 


is independent of the base point. 


III.6.3. Theorem (Abel). Let D e Div(M). A necessary and sufficient con- 
dition for D to be the divisor of a meromorphic function is that 


ọ(D) = 0 mod (L(M)) and deg D=0. (6.3.1) 


Proor. Assume that f is a meromorphic function. Let D = (f). We have seen 
(Proposition I.1.6) that deg D = 0. Since for D = 1, Abel’s theorem trivially 
holds, we assume that f ¢ C. Write 


D = Pt--- pe/Qh +> Qb, k>1,r>1, (6.3.2) 
with 
P,#Q,, allj,l; 


P;# P, and „#0, alj#l; 
ee Q; 421 J (6.3.3) 


> 


he a È BD. 


J 


Without loss of generality, we may assume that none of the points P;, Q; 
lie on the curves representing the canonical homology basis. Recall the 
normalized abelian differentials tpg of the third kind introduced in III.3. 
Observe that df/f is an abelian differential of the third kind with simple 
poles and 


resp f- ordp f, forall P eM. 
Thus 


7 E $ N 5 Bror) 


(where Po is not any of the P; or Q; nor on the curves aj, b;) is an abelian 
differential of the first kind. Hence, we can choose constants c;,j = 1, . . - , 9, 


such that 
g 


df k r 
pe y ajtp,po— >, Por L ei 
j=1 j=1 = 


=1 
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It follows that 


ae 


and by the bilinear relations for the normalized differentials t PQ> 
df 5 . Pj á or Z 
ji; F = 2ni E Xj ie i 2 B; if a )+ 2 CjTj- 
Since df/f = d log f, we see that 


df ; df . 
ii 7 = 2nim,, Ne F = 2nin,, 
where m,, n, are integers. It follows that the Ith component of @(D) is 


: Pj i Q; PO. typ Ay 
2 a I ĉi i‘ » b; Po cr a 2ni bı if F 2ni 2 Ejj 


g 
=n- }, M jT ji, 
j=1 


and thus ọ(D) = 0 mod(L(M)). We have used Po as the base point for g. 
Recall that since D is of degree 0, ø(D) is independent of Eg: 

To prove the converse, we let D be given by (6.3.2) subject to (6.3.3). 
Choose a point Qo not equal to P}, nor any of the P; nor any of the Q; nor 
lying on any of the curves a,, b;. Set 


Ue it Ie 
P r P g P 
JE) F exp( 5 “j JE TEE x B; 1 *Q;Po i X a 14 i) 
j= jg j= 
mS Qo iF 
where the constants c,,..., c, are to be determined. It is clear that fisa 


meromorphic function with (f)= D, provided f is single-valued. We 
compute 


k r 
a a aa e E E 
Jat JE 


and 
k r g 
p A 2 <i i Gaja — > B; hh *Q;Po t 2 ede 
jet J=1 j=l 
i P; z Q 2 
Peh š 2 . j 
= 2ni 2, Xj i Ci — 2ni 2 B; A C+ Py C Tj. 
= j= IT 


For f to be single-valued, we must have that J,, t, fẹ, t are of the form 2zin, 
n € Z. Now (6.3.1) yields, 


k P, r Q; g 

j j 
M 3 i G1 5 > B; ie oi sa 2 APR 
j=1 j=1 j=1 
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With: p uE l = lee = 1,...,g. This means we can choose paths 
y; and ĵ; joining Po to P; and Q; respectively, such that integrating over 
these paths, leads to the above equation. It is clear that if we choose c; = 
—2nim,, f will be single-valued. a 


EXERCISE 


We outline an alternate proof of the necessity part of Abel’s theorem. Let f be a non- 
constant meromorphic function on M. For each « e € ù {00}, let f~ ‘(a) be viewed as 
the integral divisor of degree deg f, consisting of the preimage of «. Then «++ (f (a)) 
is a holomorphic mapping of C ù {00} into J(M). Since C u {co} is simply connected, 
it lifts to a holomorphic mapping of C U {00} into C°. Since C U {oo} is compact this 
mapping is constant and thus g(f~ ‘(0)) = of- 1(00)). 


111.6.4. For g = 1, J(M) is of course a compact Riemann surface. We have 
the following 


Corollary 1. If M is of genus 1, then 
o:M—J(M) 


is an isomorphism (conformal homeomorphism). 


Proor. Clearly ¢ is surjective (since it is not constant). Let P, Q e M, P + Q. 
If y(P) = (Q), then P/Q is principal by Abel’s theorem. Thus there is a 
meromorphic function on M with a single simple pole. This contradiction 
shows that @ is injective. O 


Corollary 2. If M has genus >1, then ọ is an injective holomorphic mapping 
of M onto a proper sub-manifold p(M) of J(M). 


11.6.5. Let D be an integral divisor of degree g on M; that is, 
DZP E (P,e M,j=1,....9). (6.5.1) 
Then by the Riemann-Roch theorem 
r(D7!)=1 + i(D) 2 1. 
We call the divisor D special provided RD") > 
Theorem. Let D e Div(M) with D > 1 and deg D = g. There is an integral 


divisor D' of degree g close to D such that D' is not special. Further D' may 
be chosen to consist of g distinct points. 


Remark. Write D as in (6.5.1), and choose a neighborhood U; of P;. The 
condition that D' be close to D is that D’ = Pi -+ P, with P; Uj. 
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PROOF OF THEOREM. Note that for divisors of degree g, 
r(D~-')=1<i(D)=0. 
Assume that D is given by (6.5.1) and define 
Die Pye" P, Cis Tg): 


Thus D, = D. Set Dy = 1. We prove by induction that for j > 1, we can 
find a divisor Dj, of the form D;j_,P; (Do = 1) with P; arbitrarily close to 
P; and i(Dj) = g —j, j= 1,...,g. The Riemann-Roch theorem (or linear 
algebra) implies that i(Dj) > g — j (for any integral divisor D’, of degree j). 
Note that for arbitrary P, (as we have seen before), 


i(P,)=r(P;")—1+g-—1=r(P;1)+g—2=g-1 


(since C = L(P;'), because a surface of positive genus does not admit a 
meromorphic function with a single pole). Thus, it suffices to take PSP 
Assume that for some 1 < j < g, we have constructed a D’; of the required 
type. Let {@1,...,@,-;} be a basis for the abelian differentials of the first 
kind vanishing at Pj,..., Pi. Look at @. If ,(Pj+1) # 0, then (D Rr) < 
g — (j + 1), and we are done. If ~,(P;+,) = 0, then arbitrarily close to BT 
there is a point Pi}, with ~1(Pj.1) #0 and once again i(DP5+1) < 
Ga). O 


III.6.6. We consider now the map 
g:M, > J(M). 


We will show that this map is always surjective (generalizing the first corollary 
in III.6.4). To this end let Dy = P; ++: P, with E E M, P,; # P, for) #k be 
such that i(Do) = 0. Let U, be a coordinate disk around P, with local co- 
ordinate t; vanishing at Pie Let Kero (Py a P,). In terms of the local 
coordinates t; we write C, = n,,(t;)dt; and thus in terms of the local coor- 
dinates tj at P; the mapping ¢ in a neighborhood of the origin (0, .. . ,0) 
is simply 
(Z1,...,2,) > K + (@,(z;,... weglas O E oh 52g) 


where 
g z 
Pı(Zi; eee “aah — Y ip Mij(t;) at ;. 
j=1 
Thus i 
OP, 
ab. (0 tie) Nix(O) = Ci(P,) 
Zk 


(the last equality is merely a convenient abbreviation). Thus the Jacobian 
of the map @ at P, --- P, is 


bah) A UBORtT Ry) 


QAP I ude AED 
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The condition i(P, --- P,) = 0, however, gives us immediately that the rank 
of the Jacobian is g. Therefore, the map 


ORUA Malas 


is a homeomorphism in a neighborhood of (0, . . . 0) by the inverse function 
theorem; and thus covers a neighborhood U of K (in C’ or in J(M)). Let 
c="(c,,...,C,)€ C%. Then for a sufficiently large integer N, K+c/NeU, 
and thus there exists a Q,,...,Q, such that 


p(Q,°°*Q,)= K+ ¢/N 


N(p(Q; *** Q,) — K) = ¢. 


Thus to show that c e Image ọ, it suffices to show that there exists an integral 
divisor D of degree g such that 


(D) = N(~(Q, `: Q,) — K). 
Consider the divisor (P4 -< P,)*/(Qi °° Q) P$. The Riemann—Roch theo- 


rem gives 
rota e a 
=| i 
rg ore i (Pr a Pay 3 


Hence, there is an f e L((P,°°° EIO 3 o OPNE); that is, there is an 
integral divisor D of degree g such that 


DA ee Pye 
(Q, ry OF rs. 


or 


y= 
By Abel’s theorem 
(D) + Nọo(P: `+- P) =No: >: Q). 


We have solved the Jacobi inversion problem: 


Theorem (Jacobi Inversion). Every point in J(M) is the image of an integral 
divisor of degree g. 


Corollary. As a group J(M) is isomorphic to the group of divisors of degree 
zero modulo its subgroup of principal divisors. 


Remark. We have shown (Corollary 1 of III.6.4) that every surface of genus 
one can be realized as C modulo a lattice. This is the uniformization theorem 
for tori. We shall return to this topic (including uniformization theorems 
for surfaces of genus > 1) in the next chapter. 


III.6.7. Exercise 


We have seen that an arbitrary torus M is conformally equivalent to C/G where G 
is the group generated by two elements z> z + 1 and z} z +1, Im t > 0. Further, 
the origin of C/G may be made to correspond to any point in M. 
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(a) Every meromorphic function f on M can be viewed as a doubly periodic function 
f (this identification should cause no confusion) on C; that is, a meromorphic 
function f on C with 


f(z + 1) = f(z) = f(z +1), all zecC. 


The Weierstrass y-function is defined by 


1 1 
2 ( 3 2 = z) zet, 
Z (nm) #(0,0) \((Z —N — m) (n+ mt) 
(nym) € 22 


Note that % is an even function. Let P, Q e M. Let f e L(1/PQ)\C. Show that there 
exists x € Aut M (the group of conformal automorphisms of M), B e Aut(C U {oo}), 
such that 


f=Be@oa. 


(For a discussion of Aut M, see V.4.) 


€ 


Show that every meromorphic differential on M is of the form f(z)dz where f is 
a doubly periodic function. If we choose the loop corresponding to z> z + 1 as 
the “a-curve” and z> z + 1 as the “b-curve”, then we have a canonical homology 
basis on M. The basis for #1(M) dual to this canonical homology basis is then 
{dz}. 


— 
Q 
<~ 


From what we said above, fə(z)dz is an abelian differential of the third kind with 
zero residue and singularity 1/z? at the origin. Hence there exists a meromorphic 
function ¢ on C such that ¢' = — 9. This function ¢ cannot be doubly periodic 
(why ?). However, ¢ satisfies for all z e C 


(z+ 1) =¢(z) +, 
C(z + t) = Elz) + np, 


where n, and y, satisfy Legendre’s equation 


(he = Tip = Dae (6.7.1) 
Derive (6.7.1) from (3.8.2). 


11.6.8. The following technical and important result is suggested by the 
development of Section III.6.6. 


Proposition. Let M be a compact Riemann surface of genus g = 2. For all 
q = 1, the differentials with simple zeros are dense and open in 44(M). 
Proor. Let d = dim HM) and recall that 1 < d < œ. Let w, and œ, be 
two linearly independent elements of HM) without common zeros. To 
construct such differentials, let @, be any non-trivial holomorphic q- 
differential. The set of differentials vanishing at a point in the divisor of aon 
is a finite union of codimension one subspaces of #%(M). We can Clearly 
find an œ, in the complement of the finitely many hyperplanes. Then 
f =@,/@, is a non-construct meromorphic function on the surface of 
degree q(2g — 2). Let « be a complex number which is not a branch value 
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of f. We have excluded a finite (non-empty) set of values. The function f 
takes on the value « at q(2g — 2) distinct points. These points must be zeros 
of the differential wm, — «w,; they must be all the zeros of this differential 
and all of these must be simple zeros since the degree of the divisor of 
@, — xw, is q(2g — 2). We have shown that the set of g-differentials with 
simple zeros is dense. E] 


Next we show that the differentials with simple zeros are open. Let w be 
a differential with simple zeros at P,, ..., Py2,-2) and let @,,..., wy be a 
basis for the holomorphic q-differentials. Choose a small disc D, with center 
at P; we assume that these discs are all disjoint and that the closure of each 
D; is contained in the domain of a single local coordinate z; vanishing at 
P, Let us write in terms of these local coordinates œ = ¢,(z;) dz? and 
©, = %;(2;) dz}. Our assumption that @ has a simple zero at each P, means 
that ¢(0) = 0 and that ¢; does not vanish on the boundary c; of D;; hence 
the absolute value of ø; has a positive minimum m; on c;. Let m,; be the 
maximum of the absolute value of ¢,; on c;. Choose a positive e such that 


d 
e mj <m; TOU) d: 
k=1 
Then for y,,..., Na arbitrary complex numbers with |n,| < £, the differential 


0 =w +k- @; has one simple zero inside each disc D,, j= 1, ..., 
q(2g — 2), by Rouche’s theorem, since on cj 


d 
X NkPkj 
k=1 


Once again these q(2g — 2) zeros account for all the points where the 
differential 0 vanishes and each zero is simple. 


d d 
=y mmy <e 2 Myj < Mj. 
Aesi =1 


II.7. Hyperelliptic Riemann Surfaces 


In this section we study hyperelliptic Riemann surfaces—the simplest 
surfaces. These are the two-sheeted (branched) coverings of the sphere. We 
shall see that there exist hyperelliptic surfaces of each genus g, and that these 
surfaces are the ones for which the number of Weierstrass points is precisely 
2g + 2. These surfaces thus show that the lower bound obtained in the 
Corollary to Theorem III.5.11 is sharp. 


III.7.1. A compact Riemann surface M is called hyperelliptic provided 
there exists an integral divisor D on M with 
deg D = 2, Dae, 


Equivalently, M is hyperelliptic if and only if M admits a non-constant 
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meromorphic function with precisely 2 poles. If M has such a function, then 
each ramification point has branch number 1, and hence the genus g of M 
and the number B of branch points (= ramification points) of f are related by 
(using Riemann—Hurwitz) 


B= 2g + 2. 


Remarks 


1. We can hence describe a hyperelliptic surface of genus g as a two-sheeted 
covering of the sphere branched at 2g + 2 points. 

2. Some authors restrict the term hyperelliptic to surfaces of genus >2 that 
satisfy the above condition. 


III.7.2. Proposition. Every surface of genus <2 is hyperelliptic. 

Proor. Let D be an integral divisor of degree 2. Riemann—Roch yields 
r(D-")=2—g+1+4 i(D). (7.2.1) 

Thus r(D~*) > 2 for g < 1, and the only issue is g = 2. 


First proof for g = 2: Let P be a Weierstrass point on a surface of genus 2. 
Then there is a non-constant f e L(P~ ?). (This function cannot have degree 1.) 


Second proof for g = 2: Choose w +Æ 0, an abelian differential of the first kind 
on M. Then, since deg(w) = 2, 


(m) = PQ. 
Since i(PQ) = 1, (7.2.1) yields r(P~1Q~*) = 2. LJ 


Remark. Surfaces of genus 1 are also called elliptic (tori). Surfaces of genus 


zero admit, of course, functions of degree 1. Thus, hyperelliptic surfaces are 
those which admit functions of lowest possible degree. 


III.7.3. Let M be a hyperelliptic Riemann surface of genus > 2. Choose a 
function z of degree 2 on M. Let f be another such function. We claim that f is 
a Möbius transformation of z. Let the polar divisor of z be P,Q, and the polar 
divisor of f be P,Q,. It suffices to show that P,Q, ~ P3Q). For then there is 
an he #(M), such that multiplication by h establishes an isomorphism 
between L(P;'Q;') and L(P;'Q5'). Since {1,z} and {1,f} are bases for 
these spaces, there are constants a, B, y, 6 such that 


1 =ah + Bhz 
f = yh + ôhz 
or 
y+0z 
i= 


a+ Bz 
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To establish the above equivalence, we observe first that the branch points 
of f are precisely the Weierstrass points of M. To see this let Pe M be a 
branch point of f. Then f is locally two-to-one at P. Thus if f(P) = œ, f has 
a pole of order 2 at P (and no other poles) and then P is a Weierstrass point. 
If f(P) 4 oo, then 

1 
TEE) 

has a pole of order 2 at P, proving that P is a Weierstrass point on M. It now 
follows by Proposition III.5.6 that the “gap” sequence at any of the 2g + 2 


branch points of f is 
IO eescg = 1, 


and thus the weight of any of these points is 


e it pte tated E 
k=1 cat 2 2 


Thus these 2g + 2 points contribute g(g? — 1) to the sum of the weights of the 
Weierstrass points. Since the sum of the weights of all the Weierstrass points 
is precisely g(g* — 1) there are no other Weierstrass points. 

Let us choose any Weierstrass point P on M. We claim that the polar 
divisor of f is equivalent to P?. If f(P) = œ, there is nothing to prove. 
Otherwise, look at the function 1/(f — f(P)) = F. Its polar divisor is P? 
which is equivalent to the polar divisor of f since F is a Möbius transforma- 
tion of f (that is, f-'(c0) ~ f *(f(P))). 


We have therefore established most of the following 


Theorem. Let M be a hyperelliptic Riemann surface of genus g 2 2. Then the 
function z of degree 2 on M is unique up to fractional linear transformations. 
Furthermore, the branch points of z are precisely the Weierstrass points of M. 
The hyperelliptic surfaces of genus g = 2 are the only ones with precisely 2g + 2 
Weierstrass points. 


PROOF. Only the last statement needs verification. It is clear that if a surface 


has precisely 2g + 2 Weierstrass points, then the weight of each such point 
must be 4g(g — 1) by III.5.10 and III.5.11, and thus, as we saw there, the 


“non-gap” sequence must begin with 2. [E] 


Remark. We show next that on a hyperelliptic surface each of the Weierstrass 
points is also a q-Weierstrass point for every q > 1. It follows from the fact 
that the “gap” sequence is 1, 3,...,2g — 1 for each Weierstrass point P, 
that there is an abelian differential @ of the first kind with divisor P*9~ 7. 
Thus g% is a holomorphic q differential with divisor P429- 7), Since q(2g — 2) > 
(2q — 1)(g — 1) —1, P must also be a q-Weierstrass point. 
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11.7.4. We now wish to construct another function on a hyperelliptic 
surface of genus g > 1. Let z be a function of degree 2. Let P4, . . . , P2,+ be 
the branch points of z. Without loss of generality we assume that 


2(P;) # œ, fm aeuter, 2G Soe 


Consider “the function” 


w= / [| (z—2(P)). (7.4.1) 


Remark. We have introduced above a multivalued function which we will 
show to be single-valued. Multivalued functions are treated in III.9. In IV.11, 
we will show how the function w can be obtained without the use of multi- 
valued functions. 


Proposition. The above defines w as a meromorphic function on M whose 
divisor is 
Pe Pog+2 
Os" TOLE 1 


where Q,Q, is the polar divisor of z. 


(7.4.2) 


ProorF. Since all the branch points of z have ramification number 2, w 
locally defines a meromorphic function on M which is two-valued. We must 
show we can choose a single valued branch. It is convenient at this point 
to introduce a “concrete” representation of the surface M as a two-sheeted 
covering of the sphere C U {co}. If Pe M, z(P) 4 œ and P is not a branch 
point of z, then z — z(P) is a local coordinate vanishing at P. If z(P) = œ 
(recall we have assumed that P is not a branch point), then 1/z is a local 
coordinate vanishing at P. If P is a branch point, then either branch of 
vZ — 2(P) is a local coordinate vanishing at P. With slight and obvious 
modification, the above procedure could have been carried out with any 
meromorphic function on any (compact or not) surface (recall Remark 3 
in I.1.6). We define now ej = 2(P;). Then these ej are distinct; and z` '(q) 
consists of precisely two points on M for all ae CU (oo ennen 
whereas z '(e;) consists only of the point P;. We picture now two copies 
of the sphere. We label these two copies sheet I and sheet II. On each sheet 
for each k = 1,...,g + 1, we draw a smooth curve called a “cut” joining 
€2x-1 to ezz. We may assume that the e; s have been ordered so that these 
cuts do not intersect. Each “cut” is considered to have two banks; an N-bank 
and an S-bank. We construct a Riemann surface M by joining every S-Bank 
on sheet I to an N-bank of the corresponding “cut” on sheet IJ, and then 
joining the corresponding S-bank on sheet II to the N-bank of the corre- 
sponding “cut” on sheet I. It is quite clear that M is a compact Riemann 
surface and z is a meromorphic function on M. Thus M is indeed a concrete 
model for M. We remark that a simple closed curve around a point e;, that 
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Figure II.3. Cross “cuts” for a hyperelliptic surface of genus 2. 


does not go around any e, with k # j, may be pictured as beginning in one 
sheet say at R,, continuing around until the point, R,, on the second sheet 
with z(R,) = z(R) and returning back to R,. We now construct a canonical 
homology basis for M using this two sheeted representation. Draw simple 
smooth closed curves a,, k = 1,...,g, winding once around the “cut” from 
€>,-1 tO ez in one sheet of M oriented as indicated in Figure III.3. This 
curve a, exists because we cross between sheets only through the “cuts”. 
Next choose curves b,, k = 1,...,g, starting from a point on the “cut” 
from e,,-, to ezp going on the first sheet to a point on “cut” from e2g+1 tO 
€2,+2 and returning on the second sheet (indicated in Figure III.3 by dotted 
lines) to the original point. The orientation of the b-curves is again illustrated 
in Figure III.3. Let us stop to analyze what is happening on the surface 
itself. 

The reader should convince himself (or herself) that the picture on the 
surface (Figure II.4) is actually the lift of the picture in the extended plane 
via the two-sheeted covering z. (Note that all we are using is that a curve 
in the plane passing through e, can be lifted in two ways as a curve in M 
passing through P;.) We have actually constructed a canonical homology 
basis, since by inspection the intersection matrix is of the form 


We return—after this lengthy digression—to investigate the behavior of 
our function w. We need only look at what happens in the plane if we continue 
analytically a branch of ./z — e;. The analytic continuation of this function 


Figure III.4. The hyperelliptic model in genus 2. 


104 III Compact Riemann Surfaces 


element around a closed path changes sign if and only if the path has odd 
winding number about e; (if it has even winding number, we return to the 
original function element). Thus w changes sign if we continue it along a 
simple closed path in C U {oo} that encloses an odd number of the e;. If a 
curve in CU{oo}\{e,,...,€29+2} begins at z and returns to this point, 
enclosing an odd number of e;, then this curve must cross one of the “cuts” 
and thus its lift to M is a curve joining the points P and Q, P  Q, on M with 
z(P) = z(Q). Thus w can be continued analytically along all paths in M. 
Furthermore, continuation along any closed path in M (which must encircle 
an even number of e;s when viewed in the plane) leads back to the original 
value of w. Thus w is single-valued on M, and for any P, Q on M with P # Q, 
we have 


z(P) = z(Q) > w(P) = —w(Q). 
The fact that (w) is given by (7.4.2) is an immediate consequence of (7.4.1). 


= 
II.7.5. The above proposition has some immediate consequences. 
Corollary 1. The g differentials 
ag F808 De peat, (7.5.1) 


form a basis for the abelian differentials of the first kind on M. 
ProoF. Without loss of generality z(P,) # 0, and 
(z) ms Q04 
0,2, 


It is clear of course that the differentials in (7.5.1) are linearly independent, 
and all we must show is that they are holomorphic. Since 


we see that 
sh) 


z/ dz } i (OA 
( J- orton oio 


Ww 


This divisor is integral as long as j < g — 1 and therefore these differentials 
are holomorphic. CJ 


Corollary 2. On a hyperelliptic surface of genus g > 2 the products of the 
holomorphic abelian differentials (taken 2 at a time) forma (2g — 1)-dimensional 
subspace of the (3g — 3)-dimensional space of all holomorphic quadratic 
differentials. 
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Proor. Using the basis constructed in Corollary 1, the span of the products 
has a basis consisting of 


z4(dz)? 


w? 


odt tal e A (75,0) 


Remarks 


1. Note that 2g — 1 = 3g — 3 if and only if g = 2. 

2. To obtain a basis for the holomorphic quadratic differentials for a hyper- 
elliptic surface of genus g > 2 we must add to the list in (SA UN 
differentials 


A a —3. 


EXERCISE 


Obtain a basis for the holomorphic q-differentials on a hyperelliptic surface. What is 
the dimension of the span of the homogeneous polynomials (of degree q in q variables) 
of the abelian differentials of the first kind? 


III.7.6. Recall the injective holomorphic mapping 
ọ:M >J(M) 


of a Riemann surface M into its Jacobian variety introduced in III.6.1. Let 
n be a positive integer. Since J(M) is a (commutative) group, we say that a 
point e e J(M) is of order n, provided ne = 0 and me + 0 for all integers n 
withO<m<n. 


Proposition. Let M be a hyperelliptic Riemann surface of genus >2. Choose 
a Weierstrass point Po as a base point for the map ọ. Let P € M,, P# Po. 
Then (P) is of order 2 whenever P is a Weierstrass point. 


PRoor. We have seen that there is a meromorphic function f on M whose 
polar divisor is P*. Since Py is a branch point of f, (f — f(Po)) = P2/P?. 
Thus P ~ P? and by Abel’s theorem, 


20(P) = (P?) = (P) = 0. o 


EXERCISE 


Let M be an arbitrary compact Riemann surface of genus g > 1. Let g:M > J(M) be 
the embedding of M into its Jacobian variety with base point Po. Assume that (P) 
has order n, for some P e M, P # Po. Show that there exists an f € X (M) with (f) = 
P"/Pọ. In particular if g > 1 and 2 < n < g, then both P and Py» are Weierstrass points 
on M. 
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For g = 1, return to the Weierstrass g-function considered in Exercise III.6.7. 
Show that the 4 branch points of g are precisely the 4 half periods of J(M). 


IlI.7.7. If M is an arbitrary Riemann surface, we denote by Aut M the 
group of conformal automorphisms of M. Let H c Aut M be a finite sub- 
group. For P e M, set 

Hp = {he H; h(P) = P}. 


Then Hp is clearly a subgroup of H. We claim that Hp is cyclic. This is a 
consequence of the following 


Proposition. Let h,,..., h, be n holomorphic functions defined in a neighbor- 
hood of the origin. Assume that h,(0) = 0,j = 1, . . . , n, and that these n-functions 
form a group H under composition. Then H is a rotation group (that is, there 
is a simply connected neighborhood D of the origin and a conformal mapping 
f of the unit disk A onto D such that f(0) = 0, h,(D) = D and f~' -° hje f is 
arotation for = PT): 


Remark. The existence of a simply connected D invariant under H implies 
the rest of the proposition. In this case, choose f to be a Riemann map of 4 
onto D with f(0) = 0. Then 


h;= f'o hjof 
is a conformal self-mapping of the unit disk that fixes 0, and hence of the form 


h,(z) = ud sa 0 <6; <27. 
Choosing the smallest positive 0; and calling it 0, we see that h(z) = e?**z 
generates the group f ‘Hf. Thus we also have 


Corollary. The group Hp is cyclic. 


PROOF OF THE PROPOSITION. Let h be a typical element of H. Then h'(0) ¥ 0, 
since h is invertible. We claim that there is an ¢ > 0 such that h maps every 
disk {|z| < r < £e} onto a convex region. Such a region is convex if and only 
if c = (h{|z| = r}) is a convex curve if and only if the direction of the tangent 
vector to c is a monotonically increasing function of arg z; that is, if and 
only if the angle ($2 + arg z + arg h'(z)) is an increasing function of arg z on 
{|z| = r}. A simple calculation shows that the hypothesis (h'(0) + 0) guarantees 
the monotonicity of the direction of the tangent line. The derivative of the 
above angle with respect to arg z is (recall arg h'(z) = Re(—i log h’)) 
zh” 
Ler Re i 
and this derivative is positive as long as |z| is small. 
Now choose e so small, so that letting 4, = {z eC; 


z| < e} we have that 


nA.) is convex tory ET 
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Let D = (th j(4:); D is convex and hence simply connected. Furthermore 
h;D = D for j = 1,...,n. By the remark preceding the proof, we are done. 


Remark. The material of the next chapter (in particular IV.8 and IV.9) will 
allow us to present at least two other proofs of the corollary to the above 
proposition. 


III.7.8. We continue to use the notation introduced at the beginning of 
III.7.7. We give a Riemann surface structure to the orbit space M/H as 
follows. First, we topologize M/H such that the natural projection 


n:M > M/H 


from a point onto its orbit is continuous. It is straightforward to check 
that this makes M/H into a Hausdorff space and z an open mapping. We 
introduce next a complex structure on M/H. If Pe M, and H p is trivial, 
then any local coordinate at P serves as a local coordinate at n(P) on M /H. 
In general, choose a neighborhood U of P in M so that Hp fixes U and so 
that in terms of some local coordinate vanishing at P, the action of the 
generator of Hp on U is given by 


A A 


Then z* is a local coordinate on M/H vanishing at z(P). 


Remark. The Riemann—Hurwitz relation allows us to compute the genus of 
M/H in terms of the genus of M and the branch points of x (= fixed points 
of elements of H). We will use this fact in V.1. 


III.7.9. Proposition. Let M be a compact Riemann surface of genus g. Then 
M is hyperelliptic if and only if there exists a conformal involution J (J € Aut M 
with J? = 1) on M that fixes 2g + 2 points. 


Proor. Assume M is hyperelliptic. Let z be a function of degree 2 on M. 
For Pe M set J(P) to be the unique point Q such that z(P) = z(Q) and 
Q # P if such a point exists and J(P) = P otherwise. It is clear that J is con- 
formal and that if ¢ is the local coordinate, ¢ = ./z — z(P,) in a neighborhood 
of a branch point P; of z, then J(¢) = — <. It should be obvious to the reader 
why J will also be called the sheet interchange or the hyperelliptic involution. 
The fixed points of J are clearly the 2g + 2 branch points of z. 

Conversely, let J be a conformal involution of M with 2g + 2 fixed 
points. Consider the group of order 2, <J», generated by J, and the 
two-sheeted covering 

M > MJ» 


which is branched at the 2g + 2 fixed points of J. Riemann—Hurwitz implies 
that M/<J> has genus 0, and thus M has a meromorphic function of degree 2. 
O 
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Corollary 1.1f g > 2, then the fixed points of the hyperelliptic involution are 
the Weierstrass points. 


Corollary 2. If g > 2, then the hyperelliptic involution is the unique involu- 
tion with 2g + 2 fixed points. 


Proor. Let J be another involution with 2g + 2 fixed points. Then, as we 
have seen, the fixed points must be the Weierstrass points. Also if z is a 
function of degree 2 on M, so is z o J. Thus by Theorem III.7.3, there is 
a Mobius transformation A such that zo J = Á oz. Let P,,..., P5542 be 
the Weierstrass points on M. Then z(P,) = z(J(P;)) = A(z(P;)). Thus A fixes 
z(P;), 2g + 2 distinct complex numbers (or œ), and must be the identity. 
Hence J is the sheet interchange. go 


Corollary 3. The hyperelliptic involution J on a (hyperelliptic) surface M of 
genus g > 2 is in the center of Aut M. 


Proor. Let h e Aut M. Then h œ J © h` ' is an involution and fixes the 2g + 2 
points h(P;). Thus it is the hyperelliptic involution. Hence he J o h~t =J, 
or h commutes with J. T 


I11.7.10. Proposition. On a hyperelliptic surface of genus g any function of 
degree < g must be of even degree. 


ProorF. Clearly the proposition has content only for g > 3. Let f be a mero- 
morphic function with polar divisor D with deg D < g. Riemann—Roch says 


ATD SEd r DE EED 


Thus i(D) > 1 and there is a holomorphic abelian differential œ such that 
fo is also a holomorphic abelian differential. Using the basis for abelian 
differentials of the first kind introduced in Corollary 1 to Proposition III.7.4, 
we see that 


g zi = 
abe 
g zi! dz 
j=1 Wi 
with «;, B; e C. Thus 
f= jah a CBee 


Sarap S aa 
is a rational function of z (a function of degree 2), and must be of even degree. 


O 


III.7.11. Proposition. Let M be a hyperelliptic Riemann surface of genus > 2. 
Let Te Aut M. Assume T ¢ <J», where J is the hyperelliptic involution. Then 
T has at most four fixed points. 
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PROOF. Let z be a function with two poles on M. For Te Aut M, z œ T is also 
a macion with two poles. Thus there is a Mobius transformation A = 
[¢ 5] # 1 such that 

waz 
ez+d 


== Áo z. 


We thus obtain an anti-homomorphism 
Aut M > SL(2,C)/+1. 
The kernel of this anti-homomorphism is <J). If P is a fixed point of T, then 


2(P) = 2(T(P)) = A(z(P)), 


and z(P) is a fixed point of A. Since A ¥ 1, A can have at most 2 fixed points 
and T can have at most 4. T 


Corollary. If T fixes a Weierstrass point, then T has at most 2 other fixed 
points. 


Proor. Without loss of generality, we may assume the Weierstrass point 
is a pole of order 2 of z. Thus the A above fixes œ, and must be affine (of 
the form [¢ $]). Since such an A has at most one other fixed point, T can 
have at most two other fixed points. m 
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Throughout this section, M is a compact Riemann surface of positive genus 
g. As before, Div(M) denotes the group of divisors on M and Z denotes 
a canonical divisor (usually integral). 

In this section we use the Clifford index (an integer invariant of a divisor 
class) to characterize hyperelliptic surfaces and to show (among other things) 
that every surface of genus 4 can be represented as either a two- or three- 
sheeted cover of the sphere (this is an improvement over the Weierstrass 
“gap” theorem). 

The object is to represent a compact Riemann surface of genus g as a 
branched m-sheeted covering of the sphere, with m as small as possible. 
The methods of this section give sharp answers only for small g. 


HI.8.1. Let D e Div(M). We define the Clifford index of D by 
c(D) = deg D — 2D H2. 


The fact that we have introduced a useful concept is not at all clear. 
Clifford’s theorem (III.8.4) will convince the reader of the usefulness of this 
definition. 
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We are interested in special divisors; that is, integral divisors D such that 
there exists an integral divisor D* with 


DD* = Z. 


We call D* a complementary divisor of D. 
It should be noted that for an integral divisor D, we have: 


(a) D is special if and only if i(D) > 0; 

(b) D is special whenever deg D < g — 1 (because by Riemann—Roch, 
i(D) > r(D™}) > 1); and 

(c) if deg D = g, then D is special if and only if r(D~*) > 2, if and only if 
L(D~) contains a non-constant function (again by Riemann—Roch as in 
III.6.5). 


Trivial (but Important) Remark. From the definition of c(D) it follows that 
c(D) and deg D have the same parity (both are even or both are odd). 


II1.8.2. It is clear that the Clifford index depends only on the divisor class. 
More is true. 


Proposition. For D e Div(M), c(D) = c(Z/D). 
PRooF. We compute 
c(Z/D) = deg(Z/D) — 2r(D/Z) + 2 
= 2g — 2 — deg D — 2i(D) + 2 
= 2g — 2 — deg D — 2(r(D~') — deg D +g — 1) +2 
= deg D — 2r(D~1) + 2 = c(D). E 
Remark. Again, from Riemann—Roch, 


c(D) = deg D — 2(deg D — g + 1+ i(D)) +2 
= —deg D + 2g — 2i(D). (8.2.1) 


Thus, the proposition can be restated as 


2i(D) + deg D = 2i(Z/D) + deg(Z/D). 
or 
i(D) — i(Z/D) = (g — 1) — deg D. 


In particular, if deg D = g — 1, then i(D) = i(Z/D). 


III.8.3. Let D; and D, be integral divisors. The greatest common divisor 
(gcd) of D, and D, is the unique integral divisor D satisfying the following 
two properties: 


a, Dis DD =D; ) and 
b. whenever D is an integral divisor with D < D, and D < D,, then D < D. 
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If the divisor D; is given by 


Dp= RA (a,(P) > 0 for all Pe M and 
pod a,(P) > 0 for only finitely many Pe M), (8.3.1) 
then 
gcd(D,,D,) = (D1,D3) = I] prminiar(P),a2(P)), 
PeM 
Similarly, the least common multiple (lcm) of D, and D, is the unique 
integral divisor D satisfying: 
a. D> D, and D > D,, and 
b. whenever D is an integral divisor with D > D, and D > D,, then D > D. 


If D; is given by (8.3.1), then 
Icm(D,,D,) = [|] Pmax(a(P).02P)}, 
PeM 


Furthermore, 
Icm(D, ,D3) ged(D,,D,) = D, Dy. 


Proposition. Let D,, D, be integral divisors. Set D = (D,,D5). Then 


D 
nD) + iD) — r(D7!) < (om): 


PROOF. Observe that 
TDi) DD, D 

This inclusion follows from the fact that D,D,/D is integral and is >D;, 
one Thus 

LDF) VED VE LDD D7), (8.3.2) 
where v denotes linear span. Next we show 

L(Dz") ^ L(D>") = L(D7 5). (8.3.3) 

To verify (8.3.3) assume D; is given by (8.3.1). If f e L(Dī ') a L(D3 ') has a 
pole at P of order « > 1, then 


a<a(P), j=1,2. 


Thus also 
a < min{a,(P),0,(P)}, 


and f e L(D'). We have established 
Ee ees ee TD 2), 
The reverse inclusion follows from the fact that D; = D, j = 1, 2. This ver- 


ifies (8.3.3). 
Finally, using (8.3.2) and (8.3.3) and a little linear algebra, 


r(D,')+r(Dz')—r(D~ ')=dim L(D; ')+ dim L(D; *)— dim(L(D; '!)AL(D;')) 
=dim(L(D; *) v L(D, *))<dim L(DD; *D; *) 
=r(DD;'D;'). 
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Corollary 1. Under the hypothesis of the proposition, 
c(D,) + c(D) > c(D) + c(D,D,D “*). (8.3.4) 


PRrooF. The proof is by direct computation. O 


Corollary 2. If D is a special divisor with complementary divisor D*, then 
c(D) = c((D,D*)). 


Proor. By Corollary 1 and Proposition II1.8.2, 


a * > D.D* > DD* 
2c(D) = c(D) + c(D*) = c((D,D*)) + ¢ (D.D*) 


= 2c((D,D*)). E 


III.8.4. Theorem (Clifford). Let D be a special divisor on M. We have: 


a. c(D) > 0. 

b. If deg D = 0 or deg D = 2g — 2, then c(D) = 0. 

c. If c(D) = 0, then deg D = 0 or deg D = 2g — 2 unless the Riemann surface 
M is hyperelliptic. 


Proor. Since c(D) = c(D*) and deg D + deg D* = 2g — 2, where D* is a 
complementary divisor of D, the theorem need be verified only for special 
divisors of degree < g — 1. 


If deg D = 0, then r(D~ +) = 1 and c(D) = 0. Thus part (b) is verified. Next, 
if deg D = 1, then also c(D) = 1. We proceed by induction. Suppose now 
that 1 < deg D < g — 1, and c(D) < 0. Thus 


r(D~')>$degD+1>2. 


Thus there is a non-constant function in L(D~ +). Let D* be a complementary 
divisor. Replacing D by an equivalent divisor (it has the same Clifford index 
as D), we may assume that (D,D*) Æ D. (This last assertion is of critical 
importance. It will be used in ever more sophisticated disguises. We shall 
hence verify it in detail. We must show that there is P e M which appears in 
D* with lower multiplicity than in an integral divisor equivalent to D. Let 
œw be an abelian differential of the first kind such that (w) = DD*. Let 
f € L(D~')\C. Then for all c e C, (f — o)D is integral and equivalent to D. 
By properly choosing c (for example, f ~ '(c) should contain a point not in D*), 
(f — c)D will contain a point not in D*. Now (f — c)D and D* are still com- 
plementary divisors since (f — c)DD* = ((f — c)w).) By Corollary 2 to our 
previous proposition, c((D,D*)) < 0. But deg(D,D*) < deg D and (D,D*) is 
a special divisor. By repeating the procedure we ultimately arrive at a divisor 
of degree zero or 1, which is a contradiction. This establishes (a). 

It remains to verify (c). We have seen that if 0 < deg D < 2g — 2 with 
c(D) = 0, then 1 < deg D < 2g — 3, and 


r(D~1) =4.deg D + 1. (8.4.1) 
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If deg D = 2, then r(D~') = 2 and the surface is hyperelliptic. Now since 
deg D is even, we may assume that deg D > 4. Choose D from its equivalence 
class so that 

TADDA D] (8.4.2) 


This can be done since r(D~') > 3. All we want is a function in L(D~') 
that vanishes at some point of D* and at one point not in D*. Let f be sucha 
function. Then (f)D is integral, equivalent to D, and satisfies (8.4.2). We 
have produced a special divisor (D,D*) with 0 < deg(D,D*) < deg D and 
c((D,D*)) = 0. Thus 2 < deg(D,D*) < deg D — 2, and we can arrive at a 
special divisor of degree 2, with Clifford index zero. E 


MI.8.5. We now derive some consequences of Clifford’s theorem. If 
D e Div(M) is arbitrary with 0 < deg D < 2g — 2, then c(D) > deg D unless 
r(D~') > 2. In the latter case (since there is a non-constant function f in 
L(D~')) we have D’ = (f)D is integral and equivalent to D. Since equivalent 
divisors have the same Clifford index, we have almost obtained 


Corollary 1. Let D be a divisor on M with 0 < deg D < 2g — 2. Then c(D) > 0. 
Equality occurs if and only if D is principal or canonical, unless M is a hyper- 
elliptic Riemann surface. 


Proor. The remarks preceding the statement of the corollary show that unless 
r(D~ ') > 2, c(D) > deg D. If r(D~ +) > 2, we have D equivalent to an integral 
divisor D’ of the same degree. Proposition III.8.2 allows us to assume with 
no loss of generality that deg D < g — 1. Now D’ is a special divisor. The 
fact that c(D’) = c(D) > 0 follows from Clifford’s theorem. If D is neither 
principal nor canonical (and since as already stated we may restrict our atten- 
tion to divisors of degree <g — 1, we are only interested in the case of D 
not principal), we have c(D) = 0 gives r(D7 +) = 1 + $ deg D. If deg D>0 
we have once again r(D~ +) > 2, and as before D is equivalent to a special 
divisor and Clifford’s theorem implies that M is hyperelliptic. If deg D = 0, 
we have r(D~') = 1 and D is principal. O 


Corollary 2. If D is a divisor on M with 0 < deg D < 2g — 2, then 
deg D 


DEGE 


Equality implies that D is principal or canonical, unless M is hyperelliptic. 
ProoF. In view of (8.2.1), this is a restatement of Corollary 1. LJ 
Corollary 3. Let M be a compact Riemann surface of genus g > 4. Let D, 


and D, be two inequivalent integral divisors of degree 3 such that r(D; ') = 
= r(D3 '). Then M is hyperelliptic. 


Proor. Choose non-constant functions f; € L(D; '), j = 1,2. We may assume 
that each f; is of degree 3 as otherwise there is nothing to prove. Since D, 
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and D, are inequivalent, fı 4 cf, for any ce C. As a matter of fact, we have 
that fi # Ao fa for any Möbius transformation A (of course, A ° fọ = 
(af, + b)/(cf, + d) where a, b, c, d e C, ad — bc # 0). For if fi = Ao fy, then 
the divisor of poles of f, would be equivalent to the divisor of poles of f» 
(since the polar divisor of f, is equivalent to the polar divisor of A o f»). 
This would contradict the fact that f; is of degree 3, and that the two divisors 
D; are inequivalent. Thus, we have 4 linearly independent functions in 
LDI D3) namely 17,45, fi Eor 


Cot efi eg fs FCs fn = 0 


with cje C, then f, is a Möbius transformation of f}. Thus r(1/D,D,)= 
4 = å deg D,D, + 1, and c(D,D,) = 0. Since deg D,D, = 6 < 2g — 2, Clif- 
ford’s theorem implies that M is hyperelliptic. LJ 


Remark. Since M is hyperelliptic Proposition III.7.10 implies that M has 
no functions of degree three. Hence the functions f, and fy are really functions 
of degree 2, and thus by Theorem III.7.3, f, is indeed a Möbius transfor- 
mation of fz. 

Furthermore, the above remark and the proof of Corollary 3 yield 


Corollary 4. If a surface of genus g > 4 admits a function f of degree 3, then 
any other function of degree 3 must be a fractional linear transformation of 
J. Further, on this surface we cannot find a function of degree 2. 


11.8.6. What happens in genus 4? We prove a special case of a more general 
(see the Corollary to Theorem III.8.13) result. 


Proposition. Every surface M of genus 4 has a special divisor D of degree 3 
with r(D~') = 2. 


PROOF. Let {¢;,...,C4} be a basis for the abelian differentials of the first 
kind on M. Then 


¥ 


are Creo, On car} Cila, S 
are 10 holomorphic quadratic differentials on M. They are linearly dependent 
since the dimension of the space of holomorphic quadratic differentials on 
M is 9. Hence, there are constants ay. (1 < k< 4,1 <j <k) such that 

> airt jC, = 0. 


j<k 


Die ¢ vv ¥2 
2>$2635---546304, 64 


We write this dependence relation in matrix form 


1 1 
G11, 24,42 3413 3014 G4 
1 1 1 
¢ 2412 22 3Q23 34 6 
(HRA Ol he (8.6.1) 


1 iy 1 
2413 2423 433 3034] | C3 


1 1 AG 
29414 2424 3034 gal [Ca 
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Let Æ be the column vector of differentials appearing in (8.6.1), Z = 
(C4, .-.+ 564). We rewrite (8.6.1) as 


‘SAE =0. (8.6.2) 


Since A is symmetric, there exists a non-singular matrix B such that 
‘BAB is a diagonal matrix with 1 on the first | (<4) diagonal entries and 
zeros on the rest of the diagonal. Thus, we rewrite (8.6.2) with respect to 
B~ +, a new basis for abelian differentials of the first kind, as 


(B~12)'BAB(B™ 13) = 0. (8.6.3) 


From now on we replace A by ‘BAB and £ by B` 'Z. 

We claim now that A has rank 3 or 4. It clearly has positive rank. It 
cannot have rank 1, since in this case (8.6.3) reads (7 = 0. Similarly, it cannot 
have rank 2, since in this case (8.6.3) reads 


ci +63 =0, 


which implies that (¢,) = (¢,) and hence that č, and ¢, are dependent. Thus, 
the relation (8.6.3) is of the form 


34+034+0$=0 or +++. 


Another change of basis (for example, wm, = €, + if2, œz =¢, — C2, W3 = 
Ca + if4, —w4 = ¢, — if4, in the second case) leads to the simpler relations 


Ct=Csbq or C10, = (8.6.4) 
Write 
(Cia Pe Pe: 


Thus either ¢, or {4 (say (3) must vanish at at least 3 of the zeros of ¢,. Thus 
¢,/C; is a non-constant function with at most three poles. This function gives 
rise to a special divisor D of degree 3 with r(D~') > 2. Theorem III.8.4 
shows that r(D~ +!) < 2. Hence r(D') = 2. = 


III.8.7. Theorem. Let M be a compact Riemann surface of genus 4. Then one 

and only one of the following holds: 

a. M is hyperelliptic. 

b. M has a function f of degree 3 such that (f) = A/D with D, U integral and 
D? ~ Z. Any other function of degree 3 on M is a fractional linear trans- 
formation of f. 

c. M has exactly two functions of degree 3 that are not Mobius transformations 
of each other. 


Proor. Proposition II.7.10 implies that (a) cannot occur simultaneously 
with (b) or (c). We have already shown that every compact surface of genus 
4 admits a non-constant function of degree <3. Note that for any divisor 
D of degree 3 on M (of genus 4), we have 


HD *)\ =a). (8.7.1) 
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Suppose we are in case (b). Let us assume there is an integral divisor 
D, # D with deg D, = 3 and r(D; ') = 2. Let f, € L(D;')\C. If D; is equiv- 
alent to D, then fı is a Möbius transformation of f. To see this, let he #(M) 
be such) that (h)D, =D, Then LO“), f>vandtlips) = <hafh = 
<1, f,>. Thus, there are constants «, p, y, 6 such that 


1 = ah + Bfh 


fy = yh + ofh 
or 

fred 

a + Bf 


Thus we assume that f; is not a Möbius transformation composed with f, 
which implies that D, is not equivalent to D. We therefore have 1, f, fi, ff 
are 4 linearly independent functions in L(D-'D,'). Then r(D~'D;')>4 
and hence 


(DDV TD *Dy*)—6 4.41 = 1. 


Because deg DD, = 6, DD, must be canonical, and hence i(DD,) = 1. Since 
also i(D?) = 1 by hypothesis, we conclude D, is equivalent to D. This con- 
tradiction establishes the uniqueness of f up to Möbius transformations. 

We consider case (c). We assume that for no function f of degree 3 is it 
true that the square of the polar divisor D of f is canonical. Let (f) = A/D. 
Choose D,, integral of degree 3, such that DD, ~ Z. Note that D and D, 
are inequivalent (otherwise D? ~ Z). Since r(D~!) = 2, we conclude from 
(8.7.1) that there is a divisor D, of degree 3 such that D, # D, and DD, ~ Z. 
Choose holomorphic abelian differentials œw; such that (w;) = DD, (j = 1,2) 
and set fı = w2/w,. Thus, since the polar divisor D, of fı is not linearly 
equivalent to D, we have produced a function of degree 3 which is not a 
Mobius transformation of f. 

If X is the polar divisor of an arbitrary function h of degree 3, and h is 
not a Mobius transformation of f, then 1, f, h, fh are 4 linearly independent 
functions in L(1/D). Thus r(1/D) > 4 and by Riemann—Roch we must 
have equality, and also conclude that DY is canonical. Hence DY is the 
divisor of the differential cw; + c,w, for some constants Cı, Cy (not both 
zero). Say c, #0. Then w,/(c,@, + ¢,@ >) is a meromorphic function with 
divisor D/W. Hence h is a Möbius transformation of Sis E 


Remark. Cases (b) and (c) correspond to the relations of rank 3 and 4 of 
(8.6.4) respectively. In case (c) we have (f) = IUD = D = D 
Consider the identity 


(DD AA, ) = (AD, (DA). 
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There are holomorphic differentials ¢;, j = 1,..., 4, satisfying 


(Cı) = DD,, (C4) = (fi01) = DY, 


= (fla) = DU, = AWU, 


(AVE ais ne = D, M. 
b3) =(J i So) = A, D = 


Thus, by multiplying these differentials by constants, we obtain, 
Ciba = C304. 


The four differentials we have produced are linearly independent, since other- 
wise the functions f and f, would be related by a Möbius transformation. 
This follows from the fact that €,/6, a a T =f f. Thus, 
we have a relation of rank 4. In case (b), we start from the identity 


DDI -=DD 
where D, # D is chosen to be equivalent to D. We know there are differentials 
¢; satisfying 
D, 


wt = Di, 


(=D (ći) = DD,, (3) = Cf) = DD 


(where (fi) = D,/D). Thus, we obtain the relation of rank 3 (after adjusting 
constants) 


Again, the three differentials in question are independent, since D, # D. 
Thus if a,C, + 4,6, + a3, =0, choosing a point PeD, P¢D,, gives 
a, = 0. Similarly, choosing a point P e D,, P ¢ D, gives a, = 0. 


I1I.8.8. Proposition. Let B be the polar divisor of a meromorphic function on 
M. Let A be an arbitrary divisor on M. Then 


2r(A~!)< r(A-'B!) + r(BA’). (8.8.1) 


Proor. If B = 1, the result reduces to a trivial equality. So assume B is not 
the unit divisor. Thus, there is a non-constant function f on M with polar 
divisor B. We can now find integral divisors B’ and B” such that 

B’ aay B A9 Be 


and such that the above three divisors have no points in common (for 
example, B = f (0), B =f 1) 
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We claim that 
L(A) ALBA (BY) (BA): (8.8.2) 
It is clear that 
LBA) SLAs) 5 LBA es A (By). 


and thus L(B’A~') is contained in the intersection. 

Conversely, suppose f e L(A~') ^a L(B’A~'(B’)~*). Thus (f)A = I, and 
(f)AB'/B" = I, with I, and I, integral divisors. It follows therefore that 
I, = B"1,/B'. Since B” and B' have no points in common, J, can be integral 
only if J, is a multiple of B’. Thus I, = B'I, and I, = B”I}, and in particular 
(f)A/B" = 1,/B” = 1, or f e L(B’A~'). This concludes the proof of (8.8.2). 

We observe next that 


HA ELAB Lib A (Ba EA ayo 
It thus follows that 
r(A~*) + r(B’A7 WA +) — r(B"A- V\etdim(2(A~*)v LB" Aq (BAR) 
SHA BI I 
Since B ~ B’ ~ B”, (8.8.1) follows from the above. o 


Corollary 1. Under the hypothesis of the proposition, 

2c(A) > c(AB) + c(AB™?). 
Corollary 2. Let M be a compact Riemann surface of genus g > 4. Let A and 
B be inequivalent integral divisors with 


3< deg B< deg A<g—1, 
and 


Then unless B = A* (a complementary divisor of A) M is hyperelliptic. 

ProoF. From the definition of Clifford index, 
2r(A~')=1+degA>4. 

Thus r(A~*) > 2 and r(B~) > 2. There are now two possibilities. 


Case I: B is not the polar divisor of a function. Then there is at least one 
P e B such that r(PB~') = r(B~'). Let B = B’P and observe that 


2 < deg B’ < g — 2, 
and 
c(B’) = deg B’ — 2r((B’)~') + 2 
= deg B — 1 — 2r(B-*) + 2=c(B)-1=0. 


Hence the surface is hyperelliptic by Clifford’s theorem. 
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Case II: Bis the polar divisor of a function. In this case we apply Corollary 1 
and Corollary 1 to Clifford’s theorem (III.8.5), to obtain 


2 = 2c(A) > c(AB) + c(AB™') > 0. 


Recall that the degree and Clifford index of a divisor have the same parity. 
Thus, A, B have odd degree and AB and AB! have even degree and also 
even Clifford index. Thus either c(AB) = 0 or c(AB +) = 0. If c(AB) = 0, 
then by Clifford’s theorem (Corollary 1 in III.8.5), M is hyperelliptic unless 
AB ~ Z. If c(AB~') = 0, then M is hyperelliptic unless AB! is principal. 
In this latter case A ~ B, contrary to hypothesis. CJ 


III.8.9. Proposition. Let A and B be integral divisors of the same degree 
<g—1withr(A~')=r(B°'!)=t4+1,t>1. Then, 


c(AB) < deg(A,B) — c((A,B)) + 2(c(A) — s), (8.9.1) 
whenever s is defined by 
mDA *B™*)—=7( ABS )as: (8.9.2) 
for some integral divisor D of degree s < t with (A,B)/D integral. 


PROOF. We write 
AETA: B = B'D, 


with A’, B’ integral divisors. Clearly L((A,B)/AB) < L(D/AB). Hence 
r((A,B)/AB) < r(D/AB), and thus (8.9.2) implies 


r da -s >r cn 
AB E AB } 


Translating the above inequality to Clifford indices, we obtain 


AB 
deg(4B) — c(AB) — 2s > deg AB — deg(A,B) — (am 


or 


AB 
c(AB) < deg(A,B) + (45) — 2s. 


We now use Corollary 1 to Proposition III.8.3 in the form 2c(A) > c((A,B)) + 
c(AB/(A,B)) to obtain (8.9.1). 5 


111.8.10. Let A’, B’ be two integral divisors of the same degree. Assume that 
r(A!) = r(B’~') =t + 1, with t > 1. For almost all (to be defined in the 
proof of the assertion) integral divisors D of positive degree s < t, it is possible 
to find integral divisors A, B satisfying 


A~ A, B~ B' (8.10.1) 
(A,B)/D is integral, (8.10.2) 
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and 
r(A 4B) —s'=r(DAT BH): (8.10.3) 

To verify the above claim, we begin by showing that for every s < t + 1 
there is an integral divisor D = P, +- P, such that r(1/A’B’) — s = r(D/A’B’). 
This is clearly equivalent to showing that the matrix (f,(P)), k = 1, ..., d, 
j=1,...,s, with f,,..., fj a basis for L(1/A’B’), has rank s. Note first 
thatd>t+12>s. 

We choose P, such that P, does not appear in A'B’ and such that f,(P,) 4 
0. Consider now the meromorphic function of P: 


ae ae 
SiP) fP) 

Since { fi, f2} are linearly independent, the determinant is not identically 
zero, and thus we can find P, such that P, does not appear in A’B’ and 
such that the determinant does not vanish at P,. Hence 


fA Andie 
rank Fy SASL 


Having now chosen P,,...,P,—, such that no P, appears in A’B’ and such 
that det(/,(P)), mn =1;...,kK—1,7=1,...,k—1 (k < s) does not vanish, 
we consider 


fi(P 1) a. A(P 1) 
det} ° ‘ 
Frees) Mes MEE) 
fi(P) SE) 
The linear independence of { f,,..., f,} assures us that the determinant 
does not vanish identically so that we can choose P, not to appear in A’B’ 
and such that det(f,.(P;)), m=1,...,k,j=1,..., k does not vanish. Hence 


fi(P 1) pe falP 1) 


rank] : : =li 
fi(Px) {ay fa(P,) 


This verifies the existence of a divisor D of degree s with the required 
properties and in fact, shows that almost all divisors D of degree s would 
work. 

Finally, we need show the existence of divisors A ~ A’ and B ~ B’ such 
that (A,B)/D is integral. To this end consider L(D/A’). Clearly (for s < t) 
r(D/A’) >t + 1—s> 1, and thus there is a non-constant function feEL(D/A’) 
such that (f) = DI,/A’ and we may take A = DJ,. Similarly there is an 
integral divisor J, such that B may be chosen as DI,. 
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III.8.11. Theorem. Let M be a compact Riemann surface of genus g > 4. 
Assume that M is not hyperelliptic. Let W be an integral divisor of degree 
<g — 1 with c(W) = 1. Then r(A +) < 2 (and thus deg UA < 3) except possibly 
if g = 6. In this case it is possible that r(A +) = 3 and W? is canonical. 


Proor. Suppose that r(Q~')>2. Let s= r(A !)— 2. Choose integral 
divisors A, B, D with deg D = s such that they satisfy (8.10.1), (8.10.2), and 
(8.10.3) with A’ = A = B’. We use now (8.3.4) to obtain 


= A,B c(A B) = 
(am) )) < c(4) + c(B) = 


From (8.10.2) we see that 
1 < s = deg D < deg(A,B) < deg A < g — 1, (8.11.1) 


AB 
Ede < 2g —3. 
(am) <% 
Thus, by Clifford’s theorem, 


aa = l= c((A,B 
“\(A,B)) ET = c((A,B)). 


and hence, 


We now consider cases: 
Case I: r(1/(A,B)) = 1. 
From the definition of Clifford index, 
1 = c((A,B)) = deg(A,B). 
But Proposition III.8.9 implies that 
c(Q?) = c(AB) < deg(A,B) — c((A,B)) + 2(1 — s) = 2(1 — s). 


Since s > 1, we see by Clifford’s theorem that s = 1, W? ~ Z, and r(A +) = 3. 
Furthermore, 
1 = c(W) = deg WA — 4, 


shows that deg Z = 2 deg A = 10 or g = 6. 
Case II: r(1/(A,B)) 2 2 (thus deg(A,B) = 3). 


In this case we may assume that (A,B) is the polar divisor of a function. 
(Note first that if P € M appears in the divisor (A,B), then 


ENA 1 es 
NG Bye AB 
Otherwise, 


(A,B)\ _ 1 
(EP) = deg(A,B) — 1 — 2r (can 5) + 2 = c((4,B))— 1 = 0, 
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contradicting that M is not hyperelliptic. A function belonging to 


1 B 
Bers jy eee 
Hoa eur (aa) 


(this is non-empty since every term in the finite union is of codimension 1 
in L(1/(A,B)) will necessarily have polar divisor (A,B).) We thus apply 
Corollary 1 to Proposition III.8.8, 


A 
= § 

2 = 2c(W) > c(A(4,B)) + (com) (8.11.2) 

Since WU and (A,B) have odd Clifford index, they also have odd degree. Hence 
Y(A,B) and Y/(A,B) have even degree and even Clifford index. Thus one 
of the terms on the right hand side of (8.11.2) must be zero. Since neither 
U(A,B) nor A/(A,B) is principal or canonical we are done. (If, for example, 
U/(A,B) were principal, then A ~ B ~ X% ~ (A,B). Thus A = (A,B) = B, which 
clearly can be avoided from the beginning because r(D/2I) > r(1/2) — s = 2.) 
LJ 


III.8.12. To change the pace slightly, we prove a result in linear algebra. For 
the proposition of this section, we will need some elementary results from 
algebraic geometry. 

To begin with, the set of r x r symmetric matrices can be viewed in a 
natural way as a vector space of dimension 4r(r + 1) which we identify 
with C{/2)r+ 1), 


Proposition. The set V, of r x r symmetric matrices of rank <p is an irre- 
ducible homogeneous, algebraic subvariety of C(/2rr+1 of dimension 
(1/2)p(p + 1) + p(r — p). 


ProorF. The points in V, are those r x r symmetric matrices which satisfy 
the homogeneous equations of degree p +1 obtained by equating all 
(p + 1) x (p + 1) subdeterminants to zero. Thus V, is a homogeneous alge- 
braic subvariety. Furthermore, for every T e V, there exists an r x r matrix 
T such that 


T ='TE,T, (8.12.1) 


where E, is the diagonal matrix with ones along the first p diagonal entries 
and zeros on the remaining r — p diagonal entries. Thus V, is connected 
and irreducible. To compute the dimension of V,, we may consider only 
the matrices in V, of rank precisely p. Consider such a 


ae Aye 


with A a p x p non-singular symmetric matrix and thus B is ap (r= p) 
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matrix ... etc. By (8.12.1) we see that there exists an r x r matrix 


ABEB 
T= 
p 
such that 


is EH O IAB ‘AA 'AB A B 

'B ai Alle daks aek Al 

From the above it follows that A is non-singular (‘4A = A implies (det A)? = 
det A #0). We claim that A, B uniquely determine C, D. It is clear that 
Č ='B. Further, since B ='AB and A is non-singular D = ‘BB = 
‘B(AA)~ 1B ='BA~'B. Conversely, given a non-singular symmetric A as 
above, it can be written as ‘4A for some A. Also given an arbitrary B as 
above, we can define a matrix T of the above form. Thus we see that dim V, 
is equal to the sum of the dimension of all possible A and the Himensiod 
of all possible B. E 


Corollary. Let V be a k-dimensional vector space of symmetric r x r matrices. 
A sufficient condition for V © V, to contain a non-trivial matrix is that 


rir + 1) 


1 
FERR 5 Plo + 1) + plr — p). 


Proor. The vector space V is clearly an irreducible homogeneous subvariety 
of CU/Dre+ D, So is V,. The intersection of two such varieties is never empty 
and in our case has dimension 


>k + 4p(p + 1)p(r — p) —4r(r + 1) = 1. (ba 


III.8.13. Theorem. Let M be a compact Riemann surface of genus g and let 
A be an integral divisor of degree n> g. If r(A~') > 4(2n + 7 — g), then 
there is an integral divisor B on M with deg B < $n and r(B') > 2. 


Proor. From the Riemann-Roch theorem, 
r(A~2)=2n—g +1. 


Petre 14 e beta fame Jr} be a basis for L(A” '). Then fify € L(A”) 
for 1<j<k<r, and these 5r(r+ 1) elements are cae (because 
lr(r + 1) > (2n + 8 — g)(2n + 12 — g)> 2n — g + 1), and satisfy at least 
k =4r(r + 1) — (2n — g + 1) linearly independent symmetric relations of 
the form 


rd 


2 ae =9 


J k= 
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By the corollary to the previous proposition, a sufficient condition for the 
existence of a non-trivial rank <4 relation among these is that 


dr(r + 1) < k + 10 + 4(r — 4), 


which is precisely the condition imposed on r=r(A~'). By a change of 
basis in L(A” '), we may assume the relation is of the form (it cannot be 


f ke << 
KERA A O 


From here it is easy to get the desired conclusion. We use a variation of a 
previous argument. Let A = P, --- P,. Assume (in case of the relation of 
rank aiseta = M) 


(f) = 


ae ele, 
a 


Poo? Pare 


(we are not assuming that Q, # P, for all j, |, k). Then 
Or o Oaa Qan = Q31 `` Ozna O46. 
Hae O n} occur in {Q3,} or {Q4,'. Say in the {Q3,}, then 


(4) Ee OnQi2, Qin 


Íz F 031032 °°: On 
and f = f,/f; has not more than n/2 zeros and is not constant. We can set 
B = the divisor of zeros of f, and observe that MECB ae) [E 


Corollary. Let M be a surface of genus g => 4. Then M carries a non-constant 
meromorphic function of degree <4(3g + 1). 


Proor. Let D be a special divisor of degree n with 3g <n < 2g — 2. The 
Riemann~Roch theorem implies that 


r(D-*)=n-—g+1+iD)>n-g +2. 


The assumption that n > 3g implies n — g + 2 > 4(2n — g + 7) and allows 
us to apply the theorem. We conclude that there exists an integral divisor 
B of degree < $n, with L(B~') > 2. Choosing the integer n as low as possible, 
the Corollary follows. E 


Remark. The above result generalizes Proposition III.8.6. The inequality is 
not sharp. A surface of even genus g is always an n < 3(g + 2) sheeted cover 
of the sphere; the corresponding bound for odd genus is 5(g + 3). Our 
methods do not produce these sharp results. 


III.8.14. We consider a special case of the preceding theorem. Let Z 
be an integral canonical divisor (then r(Z> =g) Note 1Z1)e 
4(2 deg Z + 7 — g) if and only if g > 3. Hence we obtain, in this case, from 
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Theorem III.8.13, an integral divisor B of degree <g — 1 with r(1/B) > 2. 
Thus, also i(B) > 2. (The above also follows from the corollary to Theorem 
II1.8.13.) 

We have produced the divisor B as a consequence of a quadratic relation 
of rank <4 among products of meromorphic functions. It could have 
equivalently been produced as a consequence of a quadratic relation of rank 
<4 among products of abelian differentials of the first kind. Now, there 
are 4g(g + 1) such products and 3g — 3 linearly independent holomorphic 
quadratic differentials. Thus there are at least 5g(g + 1) — (3g —3)= 
4(g — 2)(g — 3) linearly independent symmetric relations 


g 

D aikPjPk = 0 

heal 

among products of a basis {@;,....@,} of abelian differentials of the first 
kind. The space of symmetric g x g matrices of rank <4 has dimension 
4g — 6, and thus the dimension of the “space of relations of rank <4” is 
at least 


(4g — 6) + $(g — 2g — 3) — 39g + 1) = (4g — 6) — Bg — 3) = g — 3. 


Thus (another loose statement), the dimension of the space of integral divisors 
of degree <g — 1 and index of specialty >2 is >g — 3. The proofs of these 
assertions involve new ideas, and will be presented in III.11. 


1118.15. The next lemma is both technically very useful, and explains 
what it means for a reciprocal of an integral divisor to have positive 
dimension. Roughly it says that for an integral divisor D, L(1/D) has 
dimension >s if and only if D has s — 1 “free points”, and gives a precise 
meaning to this statement. Note that since D is integral, s > 1. 


Remark. The lemma could have been established at the end of IIL4. We 
have delayed its appearance because its proof uses techniques of this sec- 
tion. In fact, we have already used and proved part of the lemma in ITI.8.10. 


Lemma. Let D be an integral divisor on M. A necessary and sufficient condition 
for r(1/D) > s is: given any integral divisor D' of degree <s — 1, there is an 
integral divisor D” such that D'D" ~ D. Further, for sufficiency it suffices to 
assume that D’ is restricted to any open subset U of Mi-1) the (s — 1)- 
symmetric product of M. 


Proor. To prove the sufficiency, we assume r(1/D) = d CONE S jioa 
is a basis for L(1/D). As in III.8.10, we construct a divisor De= 07-32 OG 
such that rank (f(Q) k = i 4. Wedel ye. e 1, vis Pprecisely 
min{d, s — 1} and such that none of the points Q; appear in D. If d < s — 1 
we would have that the only function which vanished at Q;,...,Q;-1 in 
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L(1/D) would be the zero function contradicting the fact that we can choose 
an integral divisor D” such that D'D” ~ D. Hence d > s. 

To show necessity assume that r(D~') = s > 1. Note that for arbitrary 
divisor Wand arbitrary point P e M, r(PQ~') > r(A!) — 1. Now let D’ be 
integral of degree <s — 1. By the above remark, r(D’/D) > s — (s — 1) = 1. 
Now choose f e L(D’/D). Thus there exists a divisor D” such that D’D” ~ D. 

O 


II.9. Multivalued Functions 


We have on several occasions referred to certain functions as being (perhaps) 
multivalued, and then proceeded to show that they were single-valued. 
Examples of this occurred in the proof of the Riemann—Roch theorem (in a 
slightly disguised form), in the proof of the sufficiency part of Abels 
theorem (Theorem III.6.3), and in the section on hyperelliptic surfaces. In 
this section we give a precise meaning to the term multivalued function 
and generalize Abel’s theorem and the Riemann—Roch theorem to include 
multivalued functions. Multivalued functions will also be treated in IV.4 
and IV.11. Analytic continuation (= multivalued functions) is one of the 
motivating elements in the development of Riemann surface theory. 
Riemann surfaces are the objects on which multivalued functions become 
single-valued. This aspect of multivalued functions will be explored in IV.11. 


I1I.9.1. Let M be a Riemann surface. By a function element (f,U) on M, 
we mean an open set U c M and a meromorphic function 


J.U > G fog}. 


Two function elements ( f,U) and (g,V) are said to be equivalent at PE UV, 
provided there is an open set Wwith Pe Wc UAV and 


f|W = g|W. 


The equivalence class of (f,U) at P e U is called the germ of (f,U) at P and 
will be denoted by (f,P). It is obvious that the set of germs of all function 
elements at a point Pe M is in bijective correspondence with the set of 
convergent Laurent series at P (in terms of some local parameter) with 
finite singular parts. We topologize the set of germs as follows. Let (f,P) be 
a germ. Assume it is the equivalence class of the function element GAY) 
with Pe U. By a neighborhood of (f,P), we shall mean the set of germs 
(f,Q) with Q e U. It is obvious that each connected component F, of the 
set of germs, is a Riemann surface equipped with two holomorphic maps 


EF eval Cu {co} 


proj 
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where 


eval( f,P) = f(P) 
proj(f,P) = P. 


The verification of the above claims is routine, and hence left to the 
reader. In this connection the reader should see also IV.11. 


11.9.2. We shall be interested exclusively in a restricted class of compo- 
nents ¥ as above. Namely, we require that 


i. proj be surjective, and that 
ii. for every path c:I > M, and every fe F with proj(f) = c(0), there 
exists a (necessarily) unique path @:1 + F with c(0) = f and c = proj ° č. 


We shall call @ the analytic continuation of (0) along c. 

Note that by the Monodromy theorem (1) depends only on the homotopy 
class of the path c and the point Z(0). (In the language of 1.2.4, we are con- 
sidering only those components ¥ which are smooth unlimited covering 
manifolds of M.) 


[1I.9.3. Let M be a compact Riemann surface and 7(M), its fundamental 
group. By a character y on 7,(M) we mean a homomorphism of 7,(M) into 
the multiplicative subgroup of C, C* = C\ {0}. Since the range is commuta- 
tive, a character y is actually a homomorphism 


y:H,(M) > C*. 


The character y is normalized if it takes values in the unit circle {ze C; 
|z| = 1}. If M has positive genus g, and ft ee Set 01, oes, a 
is a canonical homology basis on M, then y is determined uniquely by its 
values on a canonical homology basis, and these values may be arbitrarily 
assigned. 

The set of characters on 2,(M) forms an abelian group (under the obvious 


multiplication) that will be denoted by Char M. 


11.9.4. We are finally ready to define a multiplicative multivalued function 
belonging to a character x on M. By this we mean a component ¥ of the 
germs of meromorphic functions on M satisfying the two properties listed 
in IIL.9.2 and the following additional property: 


iii. the continuation of any f e F along a closed curve c leads to a point 


fı with 
eval fı = x(c) eval f. 


By varying the curve c in its homotopy class, it is easy to see that the above 
property holds or an open set, that is, as germs. 


III.9.5. We examine more closely a multiplicative function 7 belonging 
to a character y. Let c be a closed path in M and @ a path in F lying above 
it (proj ° Z = c). For each point t € [0,1], the point C(t) is represented by a 
function element (f,,U(t)) with U(t) open in M and c(t) € U(t). By the con- 
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tinuity of the map ¢:1 > ¥ and the compactness of I, we can find a sub- 
division 
Og Sty ee te eel 

and function elements (fo,Uo), (f1,U;1),---,(f,,U,,) such that Z(t) is the 
equivalence class of (JU) for te [t;,t;4,], j= 0,...,n. Furthermore, if c 
is a closed path, c(0) = c(1), we may assume without loss of generality that 
Uo = U,,. We say that the function element (/f,,U,,) has been obtained from 
the function element (foọ,Uo) by analytic continuation along the curve c. 
Since ¥ belongs to the character y, we see that 


In = x(c) fo. 
Thus, we may view a multiplicative function F belonging to a character 
x as a collection of function elements (f,U) on M with the properties 
(i) given two elements (f;,U,) and (f,,U,) in F, then (f2,U2) has been 
obtained by analytic continuation of (f,,U,) along some curve c on M, and 
(ii) continuation of a function element (f,U) in F along the closed curve 
c leads to the function element (y(c)f,U). 


III.9.6. To define multiplicative differentials belonging to a character, we 
proceed as follows: Consider the triples (w,U,z) where U is an open set in 
M, z is a local coordinate on U, and o is a meromorphic function of z. If 
(@,,V,C) is another such triple and Pe U ^ V, then the two triples are 
said to be equivalent at P provided there is an open set We Ufo V, with 
Pe W, and for all Q €e W 


d 
CDE, 2 = 2) 


Repeating the previous arguments, with this equivalence relation, one 
arrives at multiplicative (or Prym) differentials belonging to a character X. 
To fix ideas, this involves a collection of triples (w,U,z). If (@9,U9,Z9) and 
(@,,U,,,2,) are two such triples, then we can find a chain of triples 


(w,,U;,z;), rt ee 2 


such that 
UU yoy EN J =D cocoon — 1, 
and 
dz; 
 (Z;(Z;+1)) SPT, Oj+1(Zj +1); Zj+1 = 2;+1(Q), Qe Uj, Uj44. 
Zj+1 


Furthermore, if we continue an element (w,U,z) along a closed curve ¢ to the 
element (w,,U,z), then 


(2) =y(c)o(z), z= 2(0), Oe U! 


II1.9.7. It is quite clear that if fi (7 = 1, 2) is a multiplicative function be- 
longing to the character Xj» then fifo is a multiplicative function belonging 
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to the character x,7> (fı/f2 is a multiplicative function belonging to 7,72 : 
provided f, #0). Similarly, if œ; (j = 3,4) is a multiplicative differential 
belonging to the character y,, then f,@, is a multiplicative differential be- 
longing to the character 7,73 and 3/4, is a multiplicative function belong- 
ing to the character 7374 ', provided w, # 0. 


Proposition. If f 4 0 is a multiplicative function belonging to the character 
y, then df is a multiplicative differential belonging to the same character and 
df/f is an abelian differential. 


Proor. We need only assure the reader that df is exactly what one expects 
it to be. If f is represented by (f,U) on the domain of the local parameter z, 
then df is represented by (f’(z),U,z). E 


III.9.8. It is quite obvious that a multiplicative function (and differential) 
has a well-defined order at every point, and thus we can assign to it a divisor. 


Corollary 1. If f #0 is a multiplicative function, then deg(f) = 0. 


Proor. The order of f at P, ordpf, just as in the ordinary case, is given by 
the residue at P of df/f. Since df/f is an abelian differential, the sum of its 
residues is zero. E 


Corollary 2. If œ # 0 is a multiplicative differential, then deg(@) = 2g — 2. 


Proor. Choose an abelian differential œ; on M, œw, #0. Then w/a, is a 
multiplicative function belonging to the same character as w. Since deg(m,) = 
2g — 2, Corollary 1 yields Corollary 2. = 


III.9.9. If f is a multiplicative function without zeros and poles, then 
df/f = d(log f) is a holomorphic abelian differential. Letting a e DE 
a basis for the abelian differentials of the first kind on M dual to the 
canonical homology basis, we see that 


g 
T= don = Ds Cys 
and thus 15 


g 
f(P) = flPoexp h X ctp with ce C. (9.9.1) 
0 ja1 


The character y of the function f is then given by 


X(a,) = exp Cs k s l ER g, š (9.9.2) 


TERP orn) ki= RURI, (x -Í o) (9.9.3) 
j=l bk 


We shall call a character y as above inessential, and f as above a unit. 
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Proposition. If y is an arbitrary character, then there exists a unique inessential 
character x, such that y/y, is normalized. 


Proor. Assume 


y(a,) = eer ee Sy, ty € R, 
KO =a ete Te u,, 0, € R, 
for k=1,...,g. To construct an inessential character y} with PAG) = 


|x(c)| for all c e H,(M), we choose constants c, = «, + if, so that (compare 
with 9.9.1, 9.9.2, and 9.9.3), 


let = =e OY Oy = Se, 
and 


g 
X Cji jk 
g= 


s g 
Re cj 
= ek =e Or #1 ROCK = is (9.9.4) 


ai 


To see that this choice is indeed possible and in fact unique, recall that we 
can write the matrix IT = (1;,) as 


T= xX +iY 


with Y positive definite, and thus non-singular. To solve (9.9.4) we write 
Ce (Chern 50, Ge [Gia Bs Xg), etc.,..., and note that we want to solve 


Re[(X + iY )(a + ip)] = u. 
Since we have already chosen « = s the equation we wish to solve is 


Re[(X + iY)(s + ip)] = u, 
or what amounts to the same thing 
Yp = —u + Xs. 


Since Y is non-singular there is a unique $ which solves this system of 
equations. oO 


Corollary. A normalized inessential character is trivial. 


I11.9.10. Theorem. Every divisor D of degree zero is the divisor of a unique 
(up to a multiplicative constant) multiplicative function belonging to a unique 
normalized character. 


Proor. Let D = P, --- P,/Q,---Q, with Pre Q, all kel, oo, eS Ont 
Jf; is a multiplicative function belonging to the normalized character %j 
(7 = 12), and (f;) =D, then f/f, is a multiplicative function without zeros 
and poles. Thus, y,7;! is inessential and normalized; hence trivial. Thus 
it suffices to prove existence for the divisor D = P,/Q,, with POTEM. 
P, #Q,. Recall the normalized abelian differential Tp,g, introduced in 
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II1.3.6. Define 
CRESTED the TP ior 


The character to which f belongs is not necessarily normalized. But the 
arguments in III.9.9 showed how to get around this obstacle. E 


Corollary. Every divisor D of degree 2g — 2 is the divisor of a unique (up to a 
multiplicative constant) multiplicative differential belonging to a unique 
normalized character. 


Proor. Let Z be a canonical divisor, and apply the theorem to the divisor 
of degree zero D/Z. O 


111.9.11. Theorem. Every character y is the character of a multiplicative 
function (that does not vanish identically). 


PRooF. Let {a;,./.,a,,b),... b} be a canonical homology basis on M. 
It is obvious that y may be replaced (without loss of generality) by xz, with 
x, inessential (a unit always exists with character 7). Since the value of an 
inessential character can be prescribed arbitrarily on the “a” periods (see 
III.9.9), we may assume 


qyia)=1, j=Hl,....¢9. (9.11.1) 
Furthermore, writing 
x(b;) = exp(B;), at leeret, Os 
and fixing £ > 0, we may assume in addition 
Bl<& f=... (9.11.2) 


(For if y is arbitrary and satisfies (9.11.1), then choose an integer N > 0 so 
that 
IB/N|l<e j=l,...,9. 
Set 
X(a;) = 1, yb) =e", j=l... 9. 
If f is a function belonging to the character 7, then f^ is a function belonging 
to the character y.) Let us now fix a single parameter disc U on M with local 
coordinate z. We may assume U is equivalent via z to the unit disc. Choose 
a point (z;,...,Z,) € U” such that the divisor D = P; ++ P,(P;= 2° *(2))) is 
not special. (This is, as we have previously seen, always possible.) We use 
once again the normalized abelian differential tpg of the third kind (intro- 
duced in ITI.3). 
We define 


Uap 
P = pasts 
f(P) = exp 2 levers 
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where Z = (2,,...,2,) € U’ is a variable point, and Py ¢ U. For fixed 2 we 
get a multiplicative function with character y, satisfying (9.11.1). This is, 
of course, a consequence of the fact that (pa Tpg = 0, fork = 1, . . . , g. Further- 
more, 


g g a 
xb) = exp F f, tz, = exp Ý 2ni {” a (9.11.3) 
ganek j=1 a 


by the bilinear relation (3.6.3), where {€,,... Cg} is the normalized basis 
for the abelian differentials of the first kind dual to the given holomogy 


basis. 
Now (9.11.3) obviously defines a holomorphic mapping ®: U? > C? 


& = (9,, nw ED) 
g 2; 
®,(2) = exp } 2ni | E 
j=1 7 


D e CW 


The theorem will be established if we show that ® covers a neighborhood 
in C4 of (1,...,1). By the inverse function theorem it suffices to show that 


the Jacobian of ® at (z,,... .Z,) is non-singular. Write 2niC j(z) = y (z)dz in 
terms of the local coordinate z, and note that 

oD, , 

a eh hie ilna ik 


Thus, we have to show that the matrix 


OE (Oz) Q1(Z,) 

P2(Z1) oa P2(Z,) 

9,21) ka Q,(Z,) 
is non-singular. If this matrix were singular, then a non-trivial linear com- 
bination of the rows would be the zero vector in C9. That is (since €5,..... Gy 
are linearly independent), there would be a non-zero abelian differential of 
the first kind vanishing at P,,..., P,, contradicting the assumption that 
the divisor D is not special. E] 


Remark. The reader should notice the similarity between the proof of the 
above theorem and the proof of the Jacobi inversion theorem. 


HI.9.12. Let A be an arbitrary divisor on M. In analogy to our work in III.4, 
we define for an arbitrary character Ji 


LW) = (multiplicative functions f belonging to the character x such that 
(f) = 2}, 


r {AW = dim L (XW, 
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Q (AW) = {multiplicative differentials œ on M belonging to the character x 
such that (w) > W}, and 


i (20 = dim Q (W). 
Theorem (Riemann-Roch). Let M be a compact surface of genus g, and y 
a character on M. Then for every divisor W on M, we have 

r(W-*) = deg MW —g + 1 + i,-:(W). (9.12.1) 
Proor. Choose a multiplicative function 0 # f belonging to the character y. 
(Theorem III.9.11 gives us the existence of such an f.) Then 


he LAA ashy e LIUS) >’), (9.12.2) 
and 
we Q,-(W <> of € Q2AUf)). (9.12.3) 
Thus 
a 


EI =E D and A EA (9.12.4) 


We apply now the standard Riemann-Roch theorem (4.11) to the divisor 
U(f) and obtain 


r((A(f)) `) = deg((W(f))) — g + 1 + (ACH), 
which is equivalent to (9.12.1) in view of (9.12.4) and the fact that 
deg(AU(f)) = deg A + deg( f) = deg A. 


x 


Remark. The isomorphisms established in (9.12.2) and (9.12.3) are also useful 
in their own right. 


111.9.13 An important class of characters are the so-called nth-integer 
characteristics. Letnar = a Dre ,b,} be a canonical homology basis on 
M. Consider an integer n > 2 and a 2 x g matrix 


eT Menthe se, 

Ga Safia e REME 
with ££; integers between 0 and n — 1. The symbol [£.],, will be called an 
nth-integer characteristic. It determines a normalized character y on M via 


x(a;) = exp(271;/n), 
x(bj) =exp(2nie;/n), j=l,....9. 


It is clear that for every multiplicative function f belonging to such a 
character y, | f | is a (single-valued) function on M, and f itself lifts to a function 
on an n-sheeted covering surface of M. Furthermore, we can construct such 
an f by taking nth roots of a meromorphic function h on M provided (h) 
is an nth power of a divisor on M (that is, provided the order of zeros and 
poles of h are integral multiples of n). 
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III.9.14. Proposition. For y e Char M, 


g if y is inessential, 
A= Fal s 
g—1 ify is essential. 


ProorF. The Riemann-Roch theorem says: 
fal) = ge tL), 


Thus, i,(1) > g — 1, and i,(1) < g. Furthermore, i(1) = g if and only if there 
isan f € L,_,(1), f # 0. Since such an f must be a unit if it is not identically 
zero, we are done. 


III.9.15. We end this section with the statement of Abel’s theorem for mul- 
tiplicative functions belonging to a character y. The proof is omitted since 
it is exactly the same as the proof already studied (in III.6.3). 


Theorem (Abel). Let D e Div(M), y e Char M. A necessary and sufficient con- 
dition for D to be the divisor of a multiplicative function belonging to the 
character y is 


g 1 2 , 
D)= ip E RE) d LM . 
we) 2ni 2 log x(b;)e 7m p> log x(a,;)x (mod L(M)) 


and 
deg D = 0. 


III.9.16. Exercise 
Define a mapping 
g:Char M > J(M) 


as follows. For y € Char M, select a non-constant meromorphic function f belonging 
to the character y. Let p(x) = ø((f)), where, as before, o(( f))is the image of the divisor 
(f) in the Jacobian variety. Show that: 

(1) The mapping ¢ is a well defined group homomorphism. 


(2) The mapping ¢ is surjective. 
(3) x € Kernel ọ if and only if y is an inessential character. Conclude that as groups 
J(M) = Char M/((Inessential characters on M). 


(4) Obtain an alternate proof of the Jacobi inversion theorem as follows. First show 
that every e € J(M) is the image of a divisor of degree zero. (We established this fact 
by the use of the implicit function theorem.) Thus every e € J(M) is the image 
of some y e Char M. Now use Theorem III.9.12 (Riemann—Roch) to show that 
r (1/P%) = 1. Thus there is a multiplicative function belonging to the character y 
with < g poles. Jacobi inversion follows from this observation. The same method 
(see III.11) can also determine the dimension of the space of divisors of degree g that 
have image e. 


Remark. The reader should at this point review the remark at the end of HI.9.11. 
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IlI.9.17. Exercise 


(1) 


(2 


N 


— 
Ww 
<~ 


= 


(5 


<~ 


(6) 


(7) 


Let Pe M and let z be a local coordinate vanishing at P. Let ne Z, n > 1. By a 
principal part (of a meromorphic function) at P we mean a rational function of z of 
the form 


Let {P,,...,P,,} be m distinct points and z; a local coordinate vanishing at Pj. 
Let f; be a principal part of a meromorphic function at P, (in terms of the local 
coordinate z;). The collection F = {f,,...,f,,} will be called a system of principal 
panis ath Pinu PAN 


Let F be a system of principal parts at {P}, . . . Pm}. Let ọ be an abelian differential 
on M that is regular at P, for j = 1, . . . , m. Then 


F(g) = >) Resp, fio 
j=1 


is a well-defined linear functional on the space of all such ø. In particular, F induces 
a linear function on #\(M), the vector space of holomorphic differentials on M. 


Let y e Hom(H,(M),C); that is, y is a homomorphism from the first homology 
group of M into the complex numbers. By an additive multivalued function belonging 
to y we mean a component F of the germs of meromorphic functions on M satisfying 
the two properties listed in III.9.2, and (iii)’ the continuation of any f € F along a 
closed curve c leads to fı € F with 


eval fi = eval f + x(c). 


Show that for every additive function F, dF is a (well-defined) holomorphic 
differential. Further Y defines a system of principal parts and this induces a linear 
functional on #'(M). 


Using the normalized abelian differentials of the second kind introduced in II.3, 
show that 
(a) Every system of principal parts is the system of principal parts of an additive 


function. 
(b) For every y e Hom(H,(M),C) there is an additive function belonging to y. 
(c) Let {a,,...,a,, by,...,b,} be a canonical homology basis on M. A homomor- 


phism y € Hom(H,(M),C) is called normalized if y(a;) = 0, j = 1,...,g. Show 
that every system of principal parts belongs to a unique normalized homomor- 
phism. 


Prove that a system F of principal parts is the system of principal parts of a 
(single-valued) meromorphic function on M if and only if F induces the zero 
linear functional on #'(M). 


Use the notation of I.3, and show that 
An-2 as E (n) 
ne th TR: 


oS » (a;z/)dz at P, 


j= 


where 
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and 


R, P, Q, are three distinct points on M. 


(8) Let F be a system of principal parts at {P,,..., P,,}. Let Q be arbitrary but distinct 
from P;, j = 1,...,m. Define for P # P;, RAQ, 


E(P) = —F(tpg), 


Show that E agrees on M\{P,,..., P „Q, with the unique (up to additive constant) 
additive function Z with F as its system of principal parts and belonging to a 
normalized homomorphism. 


III.10. Projective Imbeddings 


Throughout this section, M is a compact Riemann surface of genus g > 2, q 
is an integer >1, and d= dim XHM) (=g for q = 1, =(2q — 1)(g — 1) for 
q > 2). We show that every such surface M can be realized as a submanifold 
of three-dimensional complex projective space. 


III.10.1. We have seen that for each Pe M, there is a œ e #'(M) with 
w(P) # 0 (thus also œw? e (M) with w*(P) # 0). Let {C,,...,C4} be a basis 
for (M). The preceding remark shows that we have a well-defined 
holomorphic mapping, called the g-canonical mapping, of M into complex 
projective space 


GSM eP 


where O(P) is given by (¢,(P),...,¢,(P)) in homogeneous coordinates. We 
are using here our usual conventions: Let z be any local coordinate on M. 
Express the differential 

Cj = ~ (Z) a 
in terms of this local coordinate. Then 


A(z) = (,(2),..-, Q4(Z)) 


in terms of the local coordinate z. The image of Pe M in P4~! is clearly 
independent of the choice of local coordinate used, and a change of basis of 
AM) leads to projective transformation of P4~'. Hence the map @ is 
canonical, up to the natural self-maps of projective space. 


IiI.10.2. Theorem. The q-canonical holomorphic mapping 0:M > P4~! is 
injective (and of maximal rank) unless q = 1 and M is hyperelliptic or g = 2 = q. 
In these exceptional cases 0 is two-to-one. 


‘ 


Proor. Assume that for P € M, 2 is a “q-gap” (that is, there exists a holo- 
morphic q-differential with a simple zero at P). Then by choosing a basis for 
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HM) adapted to P, we see that (z = local coordinate vanishing at P) 


(z) = (1 + O(|z|))dz4, z > 0, 


(2) = (z + O(|z|*))dzt, z= 0. 
Thus 


2 (2) =2+O((z)) 270, 
Pı 


and we conclude that 0 has a non-vanishing differential at P (z = 0) and is, 
hence, of maximal rank at P. 

Now assume there exist P and Qe M, P#Q, with 6(P) = 0(Ọ). By 
choosing a basis adapted to P as above, we see that in homogeneous co- 
ordinates 

6(P) = (1,0,...,0). 
(d — 1)-times 
Thus, if 0(P) = 6(Q), we must have, 
= À ea k . 
O= A a D AO 
(d — 1)-times 


In particular, we see that every holomorphic q-differential that vanishes 
at P also vanishes at Q, or 


LZ ERSE RO); (10.2.1) 


since L(Z~ 4P) and L(Z~4PQ) are isomorphic to the vector spaces of holo- 
morphic q-differentials which vanish at P and P and Q, respectively. Hence 


MZ. *P)=7(752PO) a d= 1 (10.2.2) 


Let us assume q = 1, and use (10.2.2) and Riemann-Roch to compute 
1 


Thus M must be hyperelliptic. Next we assume q > 1, and compute 
r(Z~1PQ) = q(2g — 2)— 2 — g + 1 + r(Z1 '/PQ) 
Ze el) a TO) 
Now for (10.2.2) to hold we must have that 


r(Z?*/PQ) = 1; 
which implies that 
deg(Z?~ '/PQ) < 0. 


This last statement is equivalent to 


C= 1).= 1. 
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Since g > 2 and q > 2, this is only possible for g = 2 = q. Note that the above 
argument also establishes that for each P e M, 2 is a “q-gap” except ifg = 2 = 
q or q = 1 and M is hyperelliptic. 


I11.10.3. To study the excluded cases, we represent a hyperelliptic surface 
M by 


w? S eNe (2 Cage) 


with distinct e;. We have seen that a basis for #*(M) is then 


Thus in affine coordinates 
O(P) == (bz P) eect): 


Thus @ is clearly two-to-one in this case (since z is two-to-one), and not of 
maximal rank at the Weierstrass points z~ '(e;). 
For the other excluded case (q = 2 and g = 2), M is hyperelliptic again. 


A basis for #?(M) is 
da dz a 
we i ee í WA 


O(P) = (1,2(P),z(P)°) 


Again 


is independent of w, and the 2-canonical map (for genus 2) is two-to-one, and 
not of maximal rank at the Weierstrass points. oO 


I1I.10.4. Since the image of a compact manifold under an analytic mapping 
of maximal rank is a sub-manifold, we have obtained 


Corollary 1. Every Riemann surface of genus >2 is a submanifold of a complex 
projective space. 


Corollary 2 


a. Every non-hyperelliptic surface of genus 3 is a submanifold of P?. 
b. Every other surface of genus g > 2 is a submanifold of P?. 


PROOF. Part (a) has already been proven. We have also seen that every surface 
is a submanifold of P*~' for large d. Now assume that a Riemann surface 
M can be realized as a submanifold of P* for k > 3. Call a point x € P*\M 
good, provided for all P € M, the (projective) line joining x to P is neither 
tangent to M at P, nor does it intersect M in another point. Say that we can 
find a good point x. We may assume that 


x= (107-80) 
ee) 


k-times 
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A line L through x may be represented thus by any other point y on it. 
Since y # x, y = (20,21, - - - ,A,), where (,,...,A,) = y(L), determines a well 
defined (depending only on L) point in P*~ 1. Now the mapping 


M3 Pr>y(L)e P% t, 


where L is the line joining x to P, is a one-to-one holomorphic mapping of 
maximal rank. Thus we are reduced to finding good points. The tangent 
lines to M form a two-dimensional subspace of P*, and the lines through 
two points of M form a three dimensional subspace of P*. Thus a good point 
(a point not in the union of these two subspaces) can certainly be found 
provided P* has dimension > 4. O 


We also saw in the above proof that the embedding of M as a submanifold 
of P? can be achieved by using 3 or 4 linearly independent holomorphic 
q-differentials (q = 1 except in the few exceptional cases). We will show in 
IV.11 that every two meromorphic functions on M are algebraically depen- 
dent. Hence we will also have 


Corollary 3. Every compact Riemann surface of genus g > 2 can be realized 
as an algebraic submanifold of P?. 


III.10.5. Let S be a non-singular curve of genus g in P%~'. The curve S is 
called canonical if it is the image of a compact Riemann surface of genus g 
under the 1-canonical mapping. Let 6: M > P9~! be the canonical mapping 
and assume that M is not hyperelliptic. Let (z,,...,z,) be homogeneous 
coordinates on P%* and let (a ,...,«,)¢C% — {0}. The hyperplane 0 = 
X4- az; in P”! intersects 0(M) at P if and only if P is a zero of the 
non-trivial holomorphic differential )"4_,a;¢;. We have established the 
necessity part of the following 


Theorem. Let S be a non-singular curve of genus g in P9!. Then S is 
canonical if and only if S is non-degenerate (that is, the curve does not lie in 
any hyperplane in projective space) and of degree 2g — 2 (that is, the curve 
intersects every hyperplane in 2g — 2 points, counting multiplicities). 


Proor. The theorem is the geometric interpretation of the following obser- 
vation. Let D be a divisor of degree 2g — 2 on a compact Riemann surface 
of genus g. From Riemann—Roch 


r(1/D) = g — 1 + i(D). 


Now i(D)=1 if and only if D is canonical (otherwise i(D) = 0). Thus 
r(1/D) = g — 1 whenever D is not canonical 

Necessity has already been shown. For sufficiency, assume that S is 
a non-degenerate curve of degree 2g —2 in P%*. For j=1, ..., g, 
the hyperplane {z;=0} intersects S in 2g—2 points in the divisor 
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D; = PP --- PY_,. Then f; = z;/z, is a meromorphic function on S with 
(f) = D,/D,. We claim that the functions f,,..., fa are linearly independent. 
If not, there exist constants «,, ..., Xg, not all zero, such that 

Sa f(P)=0 all PeS. 

j=1 
Thus S is contained in the hyperplane }4-,&;jz;=0 contrary to the 
non-degeneracy assumption. Since the divisor D; is canonical, there exists a 
holomorphic differential w; on S with (œ;) = D;. Hence for = 1; 2a gythere 
exists a non-zero complex number 4; such that f; = A,(w;/@,); of course, 
A, = 1. Thus the mapping of S into projective space using the functions 
{1, fo,...,f,} differs from the map using the (linearly independent) differ- 
entials {w,,...,@,} by the projective transformation diag(1, 4,,...,4,). The 
first mapping is the identity and the second is canonical. E 


III.10.6. We will study an interesting map 0: M > P’. Here M is a compact 
hyperelliptic Riemann surface of genus g > 2. Let P,, ..., Po,42 be the 
Weierstrass points on M. Let us choose the function z of degree 2 on M 
with (z) = P?/P2,+2. The map 0 into projective space is obtained using 
the (g + 1)-dimensional space of meromorphic differentials Q(1/P, P2). If 
we view M as the algebraic curve w? = | [}2]" (z —e,), then e; = z(P), 
j=l, ..., 2g +1, C2442 = 2(Pog42) = © (e; =0, of course). A basis for 
Q(1/P, P3) is 


dz z dz 291 dz dz 
Oy = 9 Oy yore Og = ,O, = : 


w T w TEENE SE 


we note from III.7.5 that 


zi dz ; 
( WwW Jerre J=0, =.9—1L 


and 


( dz Vee mee 
(746, ) (2 es) P,P, 


In affine coordinates 


: COREE bE) aes) 


for P#P, j=1, ..., 29 +2. Thus for P and Q not Weierstrass points 
O(P) = 0(Q) if and only if P=@Q (for z(P)= z(Q) and P #Q implies 
w(P) = —w(Q)). The map ô is also of maximal rank at the non-Weierstrass 
points. Further, none of the components of 6(P) vanish. 

Let ¢ be a local coordinate vanishing at P;. There exist holomorphic and 


O(P) = (i 2(P),..., E "o ), 
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non-vanishing functions @¢o, ..., ø, with 


zi dz as 
KO OQd near P, for j =0,...,g —1, 


Ww 


and 
dz y 
(z — e,)(z — ez) 
Thus for |¢| small, 
OE) = EPE), CAO, -s 7-0 A0); 


CAE dE near Py. 


in particular, 
6(P,) = (0,...,0,4,;) for some non-zero complex number 44. 
Similarly, 
6(P,) = (0, ...,0,22) for some non-zero complex number 43, 
and we see that 
O(P,) = AR 


It is clear that @ is of maximal rank at both P, and P,. At P, j =3,..., 
2g + 2, @ is also of maximal rank and the g-th component of 6(P,) vanishes. 
It is also easy to see that O(P.) 4 O(P,) for 3 < j < k < 2g + 2, because the 
canonical map already discriminates between these points. 

If X 2-0 %;z; = 0 is a hyperplene on P”, then @(M) intersects this hyper- 
plane in the zeros of the abelian differential N 9 JO}. This intersection will 
(generically) consist of 2g points (provided «, # 0). Thus @(M) is a curve of 
genus g and degree 2g in P’ with a single double point (the image of the 
points P, and P,). 

Consider the case g = 2. In this situation, the defining equation for the 
curve 6(M) is obtained by letting W = w/z(z — 1) (without loss of generality 
ei = 0, e, = 1, eg = o) as 


¥ =e Ne = €,)(2 — es) 


2 
4 z(z — 1) 


or in homogeneous coordinates as 


ZiZAYV\W? = Y(Z —e,Y)(Z —e, Y)(Z.— €. Y). 


EXERCISE 


Carry through the above analysis for non-hyperelliptic surfaces; also for hyper- 
elliptic surfaces but do not assume that P, and P, are Weierstrass points. 
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III.11. More on the Jacobian Variety 


This section is devoted to a closer study of various spaces of divisors on a 
compact Riemann surface M, and the images of these spaces in the Jacobian 
variety J(M). We show that J(M) satisfies a universal mapping property 
(Proposition III.11.7). The technical side involves the calculation of di- 
mensions of subvarieties of J(M). The most important consequence is 
Noether’s theorem (III.11.20). Throughout the section, we assume that the 
reader is familiar with elementary properties of complex manifolds of di- 
mension > 1. 


III.11.1. By a complex torus T, we mean the quotient space, T = C"/G, 
where G is a group of translations generated by 2n R-linearly independent 
vectors in C”. A torus T is thus a group (under addition modulo G) and a 
complex analytic manifold with the natural projection 


p:C" > T, 


a holomorphic local homeomorphism. 

We introduce now some notation that we will follow throughout this 
section. If ue T, then îe C” will denote a point with p(a) = u. The gener- 
ators of G will be denoted by the column vectors /7),..., IC™ e C". The 
j-th component of the vector 17 will be denoted by m;,. The n x 2n matrix 
(Tik) = H will be called the period matrix of T. 

Our first observation is that the 2n x 2n matrix [#] is non-singular. 
To see this, assume that there exists a vector ce C?” such that [#]c = 

Ec] = 0. Then H(c +z) = 0 = II(c — T). Thus Rec = 0 = Imc, by the 
R-linear independence of the columns of I. Thus c = 0. 

Hence we have for ‘x, ‘ye C", ‘ce C?” the equation (x,y)[#] = c has a 

unique solution. In particular if c e R?” c C?", then 


MT pH Sees S1xf 42717, 
or 
(x —jp\T+(y—-xX)1 =0. 
Thus x = y, and 
c = 2 Re(xI7). (LEA) 


II.11.2. Since G acts fixed point freely on C”, 2,(T) = G, and since G is 
abelian H,(7T,Z) = G. As a matter of fact, the paths corresponding to the 
columns of IT (that is, 


tre tI, Ped Ol beetle et) 


project to a basis of H,(T,Z). We observe next that the holomorphic 1- 
differentials, dû; are invariant under G, and hence project to holomorphic 
1-differentials du; on T. 
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Remark. Let V be a complex manifold of dimension m. By definition, a 
holomorphic 1-form œw on V is one that can be written locally as dF for some 
locally defined holomorphic function F on V, or in terms of local coordinates, 
Bia | 24 hii 52, NaS 


with f; holomorphic. In particular, œ is closed. Since 
m m 0 ; 

dw = Ds y dz, Adz; = 0, 
j=1 k=1 O2, 


we also have 


En 
0z, 02; 


Af. Of, 
UE f allk,j=1,..., m. 


Lemma. The projections to T of the differentials dii,,..., dû, form a basis 
for the holomorphic 1-differentials on T, that will be denoted by {duis lies 


PROOFS Vetta. ee. a>, be a basis for H,(T,Z) corresponding to the gener- 
ators of G. Then 


(fects Sac 7 eee Lk eee OTT, 


Thus, letting c € R°”, it follows by (11.1.1) that there is a unique vector ‘x € C” 
such that 


RET S Pee ewes 2h Ph (11.2.1) 
k j=1 
Now (11.2.1) shows that the differentials du,, du,,..., du, are linearly inde- 


pendent over C. Furthermore, given any holomorphic 1-differential ô on T, 
there exists a differential w = Dane x; du; such that 


Re f pe Re f “ie 1 Shoe rn (11.2.2) 
Define a function F on T by 
F(P) = Re f, © eee 


By (11.2.2), F is well-defined. Since 6 — œ is holomorphic, F is locally 
the real part of a holomorphic function. Thus F satisfies the maximum (and 
minimum) principle. Since T is compact, F is constant and thus = 0. By the 
Cauchy—Riemann equations 


Im f (6 — 0) = 0, 
and thus ô = œw. im 
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Definition. By du we will denote the column vector of 1-differentials 
dug, aa. aug): 


Remark. The notation of this section involves some abuse of language. The 
closed differentials du; are not exact (the dû; are exact). 


1.11.3. Let V be any connected compact m-dimensional complex an- 
alytic manifold, and let ®:V > T be a holomorphic mapping. Let z = 


(Z,,...,Z,) be a local coordinate at a point ®(P) e T. If w is a holomorphic 
1-form on T, then locally 


Let ¢ = (¢,,...,¢,,) be a local coordinate at P on V. The pullback of œw via ®, 
* cw, is the holomorphic 1-form defined in terms of the local coordinate ¢ by 


Po = } 90) déj, 
j=1 


where we write z = h(f) = (h,(0), ... ,h,(0)), and 


Z ôh é 
k=1 Cj 
Let 6,,..., 6, denote the pullbacks of du,,..., du, via ®. Let ô be the column 


vector formed by the ô;, and p be, as before, the projection from C” > T. 


Proposition. Let Po € V. Then 


&(P) = (P,) + o( in ô) (11.3.1) 
PROOF. Since 6 = * du, and 
E (P) 
ip oe lees du = (P) — (P,) (11.3.2) 
modulo periods, the result is clear. =| 


II.11.4. Corollary. Let #;:V—T be holomorphic mappings for j= 0,1. 
Assume ®, is homotopic to ®,. Then there exists a co € T such that 


(P) = E (P)+ co, all PeV. 


PROOF. Since ®y is homotopic to ,, there exists a continuous function 


®:V xI>T 
(I = [0,1 ]) such that 


P(-,0) = Bo, (-,1) = @,. 
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Thus for every closed curve a in V, ®,(a) is homotopic to ®,(a). Let 6% = 
® ;*du. From (11.3.2) we see that 6(° = ô{P (since they have the same periods 
over every closed curve a on V). Thus ® and 9, satisfy (11.3.1) with the 
same ô. O 


IiDi15. Let 1,=C"/G, and T, =C'/G, be two complex tori. Let 
®:T, > T, bea holomorphic mapping. As above, let 6 = * du. Then there 
exists an n x m matrix A such ô= A dv where dv ='‘{dv,,...,dv,,} is a 
basis for the holomorphic 1-forms on T,. Hence, as a consequence of the 
previous proposition, the map ® can be written in the form 


P(P)=p1° Ao pī '(P)+co PET, 


for some Cy € T,. (Since A is an n x m matrix it also represents a linear 
transformation from C™ into C”.) 
We have thus established the following 


Proposition. The only holomorphic maps of a complex torus into a complex 
torus are the group homomorphisms composed with translations. 


III.11.6. By an underlying real structure for the complex torus T = C"/G 
we mean the real torus R?"/Z2" together with the map R*"/Z*" > T induced 
by the linear map 

Rs x lixe €", 


We have seen (as a consequence of Proposition III.11.5) that any 
endomorphism of T is induced by a linear transformation A:C" > C” that 
preserves periods. Thus if A represents the matrix of this linear transformation 
with respect to the canonical basis for C”, then there exists a 2n x 2n integral 
matrix M such that ATI = ITM. The matrix M now induces an endomorphism 
of the underlying real structure. The endomorphism A is completely deter- 
mined by M (since [#] is nonsingular), and the following diagrams commute: 


R?” I ) cr R2"/Z7" po Se Bg T 
g g | |- 
ae eee RZ aT 


which is simply another way of saying AH = IM. 

It follows immediately from the previous remarks that a holomorphic 
injective map of one complex torus into another torus of the same dimension 
is necessarily biholomorphic. If I, and I, are the period matrices of the 
two tori, the map can be represented by a matrix A:C”—C” such that 
ATI, = IT,M for some M as above. It is necessarily the case that both A and 
M are non-singular. Thus we have established the following 
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Proposition. Two complex tori T, = C"/G, and T, = C/G, are holomorphi- 
cally equivalent if and only if n= m and there are matrices A e GL(n,C), 
M e GL(2n,Z) such that AIT, = II,M where II, is a period matrix of T, 
eae, 


Let A represent an endomorphism of a complex torus 
A:C"/G > C/G. 
Let I1,, II, be two period matrices for this torus. Then for some M;e 
GL(2n,Z), 
All, = IM; and All, = I1,M). 
Further, 
Iii TM M e GL(2n,Z). 
Thus 
11,M,M = AIM = All, = TM>; = I1,MM,, 


and hence (since IT, :R?” > C” is an isomorphism) 
M,M = MM). 


It thus follows, since M is non-singular, that trace M, = trace M3. 


Corollary. The trace of the endomorphism A is well defined by setting it equal 
to trace M, (or M,). 


II1.11.7. We return now to the situation of III.6. Let M be a compact 
Riemann surface of genus g > 0, ‘{a,b\ a canonical homology basis on M, 
and {¢} the dual basis for #1(M). As before IT denotes the period matrix 
of the surface. (Here TI is a g x g matrix.) Let J(M) be the Jacobian variety 
of M; it is, of course, a complex torus (with period matrix (I,/7)). Let o be 
the mapping of M into J(M) with base point Po previously defined. Note 
that au = (j=) tee g. 

Now let ®:M > T be any holomorphic mapping of M into a complex 
torus T = C"/G. Let {dv,, . . . ,dv,' be a basis for the holomorphic differentials 
on T. Let 6; = @*dv; e #'(M). Since {¢} is a basis for #'(M), there are 
unique complex numbers ajx Such that 


g 
Ò; = Y Dicks j ans n, 
k=1 


(or 6 = Al, ô ='{5,,...,6,}, A = (a;,)). Then 


C’ 3 fit p(Aî) + (Po) Ee T 
defines a unique mapping 


W:J(M) >T. 
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It now follows from (11.3.1) that 
G=ypog. (Ud) 
We have established the following 


Proposition. Let ®:M —> T be a holomorphic mapping of a Riemann surface 
M into a complex torus T, then there exists a unique holomorphic mapping 
W:J(M) > T such that (11.7.1) holds. 


The above proposition shows that J(M) is determined by M up to a 
canonical isomorphism. The mapping ¢ is, of course, determined up to an 
additive constant by the canonical homology basis on M. 


I1.11.8. We have seen in II.6, that the mapping @ extends to divisors 
on M. Let W, be the image in J(M) of the integral divisors of degree n. Set 
by definition W, = {0}. It is then clear that 


Wa c Wasa 


(because o(D) = ọ(DPo) for every divisor D) and W, = J(M) (Jacobi inversion 
theorem). 

Let W”, be the set of points in J(M) which are images of integral divisors 
D that satisfy the two conditions deg D = n and r(D"') >r + 1. Thus Wy 
consists of the complete g/’s as defined in III.4.13. Denote by K the image 
under ¢ of the canonical (integral) divisors. By Abel’s theorem, K consists 
of one point. 


Proposition. {K} = W4,*>. 


Proor. Let D be an integral with deg D = 2g — 2. Then r(D`') > g if and 
only if i(D) > 1 if and only if D is canonical. o 


111.11.9. Let M be a Riemann surface and n >Q an integer. The n-fold 
Cartesian product, M”, is naturally a complex manifold of dimension n. By 
M,, we denote the set of integral divisors of degree n on M. We topologize 
and give a complex structure to M,, as follows: Let A, be the symmetric 
group on n letters. An element o € S, acts on M” by: 


o(P,, poea FER) = (ER Doe Ea): 


As point sets M, and M"/Y, can clearly be identified. We shall show that 
much more is true. A function f on M, is said to be continuous (holomorphic) 
provided f © p is continuous (holomorphic) on M", where 


p:M"- M,, 
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is the canonical projection. This gives a natural topology and complex 
structure to M„. To see that with this structure M, is a complex manifold, 
let (P;,...,P,)€ Mi and let z; be a local coordinate at P,. Define the ele- 
mentary symmetric functions of z;: 


Ci =(—1)5 z; 


¢, =(-1) 2 ZjZks 


C, = (—1)"z, °-+z,. 

Notice that ¢; is (locally) a holomorphic function on M, and that the ordered 
set {C;,...,¢,} determines the unordered set {z,,... ,Zn} uniquely as the 
roots of the polynomial z” + ¢,2""'+---+¢,=0. Hence ¢ =(C,,...,¢,) 
is a local homeomorphism of a neighborhood of TP iy. td.) eM and 
thus ¢ serves as a local coordinate at p(P,,...,P,) € M,- 

Another useful set of local coordinates on M, is obtained by considering 
the elementary symmetric functions of the second kind: 


n 


t= doz, | Meme eek eae tt E 


j=1 
An easy induction argument shows that for each k, 1 < k <n, Maneo Ar 
uniquely determines and is uniquely determined DYE eit eh 


We remark that with the choice of local coordinates made, p is obviously 
a holomorphic map (between complex manifolds) and that M,, is compact 
if and only if M is. We have established the following 


Proposition. If M is a compact Riemann surface, then M,, can be given a 
unique n-dimensional complex structure so that the natural projection 
p:M" > M, is holomorphic. Further, if V is a complex manifold, and the diagram 


M” 2 V 


M, 


commutes, then f is holomorphic if and only if f, is. 


Remarks 


1. Let f be a holomorphic function in a neighborhood of 0 in C. Thus 
f Zeya es 
k=0 


For (2,,...,z,) € C" with |z,| sufficiently small Perae 52)) = rai f(z) 
defines a symmetric holomorphic function in a neighborhood of the 
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origin in C". On the quotient space C"/Y,, we can write 


o0 n 
eona aA N 


k=0 j=1 
and conclude that in terms of the local coordinate (t,,...,t,) on C"/ Sn 
OF att | dif 


= = dj. 
Tw j 
o MCA 


TOETS 


2. If D = P,--- P, € M,„and the P; are distinct, we can identify a neighbor- 
hood of D in M, with a neighborhood of (P,,...,P,)¢M". Thus the 
symmetric group and symmetric functions enter only at those points 
D e M, which contain non-distinct entries. It is also clear from this remark 
that in general we can describe a neighborhood of D by considering blocks 
consisting of the distinct points of D listed according to their multiplicities. 


11.11.10. Let 6 be a holomorphic 1-differential on J(M). Let ae J(M) 
and set 0,(P) = g(P) +a, Pe M. Then ð = ọžô is a holomorphic 1- 
differential on M, and is independent of a. Thus there is a canonical identifi- 
cation via ọ of the space of holomorphic 1-differentials on M and J(M). 

Let Q,,...,Q, be distinct points on M and let z, be a local coordinate 
vanishing at Q,. Assume s < n, and let m,,..., m, be positive integers with 


> Ri =u 

j=l 
Consider the map 

o:M, > W, 


in a neighborhood of the n-tuple A made up of each Q, appearing m, times. 
Let 6” be ô pulled back to M,. A neighborhood of the point A consists of 
points 


(OF, OF Os) Temes OLS Tarren O5); 
with Qf near Q,. Consider the point 
Ae O OFO OnnOon me ON 23 Os) EM 
m,-times m,-times m,-times 
A local coordinate (on M") vanishing at this point is therefore given by 


(Zaye eZee are onde Fe Zmes) 
where 


Zjx(Q) = z(Q), I Sio co dies RENNES: 


Let h,(z,) be a local primitive of 5’ near Q, on M. Without loss of generality 
h,(0) = 0. The sum 


S 


D mhy,(Z,) 


k=1 


150 III Compact Riemann Surfaces 


defines a function on M, whose differential is ô”. (To see this recall the 
definition of the pullback of a differential. The differential ô can be written 
as df with f a linear function on C’. Now h, is simply f © ø. The differential 
of f ° @, is ô”, where @, is ọ viewed as a map of M, into J(M). Since f is 
f(@(P,,)).) Assume now that 6” vanishes at the point A. Since the pullback 
of ô” to M” vanishes at A, we must have ah,/dz, = Oatz,=0fork=1,... 7s. 
We need more accurate information about the differential 5’ in the case that 
at least one m, > 1. In this case, the function 


hy (244) + °° * + helma) (11.10.1) 


can be expressed as a power series in the elementary symmetric functions 
of the second kind of the m, variables z,,. If we write 


co 
hy (2) = }, azy, 
v=1 


we see that the coefficient of the /-th symmetric function of the second kind 
in (11.10.1) is precisely a,. We see therefore that 


ay = i( 5 mh) 
k=1 
vanishes at A = Q7" - - - Q7” if and only if dh, vanishes at zero to order > M,. 
Thus the differential 5’ vanishes at Q, to order > m,. We have thus proved 
the following. 


Lemma. If 6 is a holomorphic 1-differential on J(M), whose pullback to M,, 
via the map ~:M,, > J(M) vanishes at a preimage of a point u e W,, corre- 
sponding to an integral divisor D of degree n on M, then the holomorphic 
differential 6’ on M which corresponds to ô under the canonical map ọ:M > 
J(M) has the property that (6')/D is integral. 


III.11.11. Before proceeding we define a filtration of M,, that is analogous 
to the filtration of W, by W”, described in III.11.8. Let 
Mp = {De M,; r(D~') =r +1}. 
(We abbreviate M? by M,). It is obvious that 
M; = 9 '(W;). 
Proposition 


a. Let De M,. The Jacobian of the mapping @:M, > W, c J(M) at D has 
rank equal ton + 1 — r(D~?), 

b. The fiber o` '(o(D)) of the mapping is an analytic subvariety of M,, of 
dimension v = r(D~'!)—1, which can be represented as a one-to-one 
analytic image of P”. 
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c. The mapping ~:M,, > W, establishes an analytic isomorphism between 
M,\M,, and W,\W,. 


PROOF. Let us examine the differential dg, of the analytic mapping y:M, > 
J(M) at a point D = QT! --- Qs (where m, +<- + m, =n). It is, of course, 
a linear mapping between tangent spaces 

dop: Tp(M,) > Typ) (J(M)). 


Let us denote by z, a local coordinate vanishing at Q, and let C;, the j-th 
normalized differential of first kind, have the power series expansion 


ve) 
y al*zi, | dz, 
1=0 


in a neighborhood of Q,. We must explain which coordinates we are using. 
We, of course, use the usual coordinates on J(M) coming from C’. At 
the point De M,, we use modified coordinates of the second kind. The 
modification is obtained by bunching together only those coordinates that 
arise from a single Q,. Thus if our coordinates in a neighborhood of D in 
M” are 


(21152, Shea YS ones re ee Zan 
—_ — 


corresponding corresponding corresponding 
to z, to Z3 to z, 


the related coordinates on M, are 


(fia eet tts ea a a): 


where 
Mp 
ize eel Gauls ma P= tae es: 
I=1 


The matrix which represents d@p is then 


1 1 1 
CE al Srl 11 12 12 1s 1s 
a la bee ads ieee a, ends ey 
(0) 2 m mı m, m2 j 5 

3 

g Be A cre 1 11 J2 aen l g2 Soe gs... E 
að 244 Gm,-1 % —— Ams -1 ao m,—1 

mM, M2 s 


or interpreting the number aj* in the obvious manner the matrix can be 
written (up to certain obvious constants) as 

1 $ 1 2 
lO E Oils 164 (Oy) eae — dQ) 


mı! m,! 


: fol 
AOA RCN e O) e O 
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The rank of the above matrix is g — i(D), which by Riemann—Roch equals 
n+1-—r(D~'). Thus (a) holds. 

Let D; € M,\Mj, j = 1, 2. If p(D;) = e(D,), then by Abel’s theorem D,/D, 
is principal. Hence D, = D, unless r(D; ') > 2. The latter would imply that 
D, e M}. We have thus established (c). 

Since p:M,, > J(M) is analytic, the fiber p ` '(@(D)) is a subvariety of M,. 
Thus it suffices, in order to establish (b), to produce a one-to-one surjective 
holomorphic mapping ¥:P” > g ‘(p(D)). By Abel’s theorem, œ~ '(g(D)) 
consists of integral divisors of degree n equivalent to the divisor D. Let D’ be 
an arbitrary integral divisor of degree n equivalent to D, then D'/D is principal 
and we conclude that every such D’ is of the form (f)D for some f € L(D~!). 
We have reinterpreted Proposition III.4.13. We now produce an analytic 
mapping from PL(D~') to g ‘((D)). 

Let {fo=1/fi,...,f,} be a basis for L(D~*). Send the point 0+ 
(Co,C1,--.,¢,) = c onto the divisor Y(c) = D(f) with f = Vj=0 ¢f;- Note 
that if ¥(c) = (2), then(f)/(f) is the unit divisor and f is a constant multiple 
of f. Thus we have produced a well defined one-to-one surjective mapping 


P:P” > o '(p(D)) < M,. 
To show that the mapping ¥ is holomorphic, we write 
D = OF Ore Q,;¢M,m;,>0,i=1,2,...,8,m,+-:: +m, =n. 


Fix a point c° = (cg,...,c?)e€C’** and let c =(co,...,c,)eC’* be suffi- 
ciently close (to be specified below) to c°. We let a= AR and 
i = Dig Cif; Then 

DUA = Pitas Pie: FPEM yu, >0,j=1,2,...,nu,+° +m =n. 


Let U; be an open neighborhood of Pajala and z; a local coordinate 
vanishing at P, that is defined in a neighborhood of the closure of U;. We 
assume that the closures of these open sets are disjoint. Further, the points 
Q; that do not equal any of the P, are not in any of the closures of the U; 
and if Q; = P, for some pair i and j, then we assume that no other QO. kee tL 
is in the closure of U;. By shrinking the sets U; further we may assume that 
whenever P, = Q;, we can and do choose a holomorphic function h; on U, 
that has a zero of order m; at P, and is non-zero on U, — {P,}. For 
1E O o O E Ea e 

We are again using, as local coordinates on M,,, the modified elementary 
symmetric functions of the second kind: 


Up 
toa = 24 Zp Ql, Gacy os Plea 


where Zp = AV E lp, P= 1, ..., r. We observe that by definition, 
tpa( P (c)) is the sum of the qth powers of the values of the local coordinate 
Zp at points in the open set U, that appear in divisor (f)D (with proper 
multiplicities). Note that tyq('P(c°)) = 0. We consider the holomorphic 
function h,f° on the set U;. It vanishes to order 4j at P, and has no other 
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zeros on U;. By Rouche’s theorem (see III.6.8 for a similar argument), the 
function h,f will have u; zeros (counting multiplicities) in U; if |e —c°| is 
sufficiently small. The product of these n zeros (as we sum over the j’s) 
forms the divisor (f)D, since D is integral of degree n. The residue theorem 
yields 


Gomen a 


MEE een 
for q = 1, ..., Up p=1,..., r. We have shown that 


tpa(P(c)) 


is a complex analytic function of c. 


tyal ¥(c)) = 3 24,(Y%(c)) = i | 
=1 ôUp 


Remarks 


1. We saw in the proof that the rank of the Jacobian of ọ at D € M,„ can be 
written as g — i(D). 

2. A “generic” (see III.6.5) divisor De M,, n < g, has index of specialty 
i(D) = g — n. Thus W, for n < g has dimension precisely n (as expected), 
by Remark (1). 


III.11.12. By the inverse function theorem it follows that at the image of an 
integral divisor D of degree n < g with r(D~ +) = 1, there are local coordinates 


Z1,..-,2Z, for J(M) so that the points of W, are given by the equations 

Zn+1 ='°' = %Z,=0. We say in this case that W, is regularly embedded at 
D) 

p(D). 


Conversely, if W, is regularly embedded at a point u € J(M), then there are 
g —n linearly independent holomorphic differentials on J(M) whose pull- 
backs to M, vanish at the pre-image of u on M,. We have seen (Lemma 
III.11.10) that such a holomorphic differential corresponds to a differential 
ô on M such that (ô) is a multiple of D for all Deg ‘(u). Now if ue Wp, 
then for any Q e M there is a divisor D of degree n containing Q such that 
¢(D) = u. Hence the differential 6 must vanish identically on M. But then 
it vanishes identically on J(M). Now if g — n > 1, and W, is regularly im- 
bedded at u, there is at least one differential on J(M) that vanishes on W, 
and is not identically zero. We have established the 


Proposition. If n < g — 1, then ue W, is a singularity of W, if and only if 
ue W}. 


Remarks 


1. The above considerations allow us to describe more intrinsically the 
tangent space to J(M). Let u,,..., u, be the canonical coordinates on C%. 
Then these also serve as local coordinates at an arbitrary point x € J(M) = 
C9/G. In terms of these coordinates, a natural basis for the (complex) 
tangent space T,(J(M)) of the manifold J(M) at the point x is given by 
the vectors 6/du,,...,0/du,. On the cotangent space T*(J(M)), the 
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covectors du, ..., du, provide a basis. The dual pairing 
T,(J(M)) x T*¥(J(M)) > C, (11.12.1) 
is then given by 


g lal g g 
(È a; Z) Z (3 bidu) F 32 a;bj, 
j=1 j j=1 j=1 


here a;, bje C. Of course, every cotangent vector may also be viewed as a 

holomorphic 1-form on J(M) and conversely. As we have already seen the 
holomorphic 1-forms on J(M) restrict to holomorphic 1-forms on W, c 
J(M) and pull back via an isomorphism to elements of #1!(M). Thus the 
cotangent space to the complex manifold J(M) at any point x is naturally 
identified with the abelian differentials of the first kind on M. 
We return briefly to the differential dp, discussed in III.11.11. The image 
of dpp is spanned by the column vectors of the matrix (11.11.1). The 
linear subspace of T%(p(J(M)) dual to the image of døp consists (by 
definition) of those cotangent vectors OS b;du;) that annihilate the 
image of dọ p under the pairing (11.12.1); in other words, of those covectors 
(bı du, +--+ + b,du,) which are annihilated by the transpose of the above 
matrix. Under the natural identification of Tp (J(M)) with #1(M), these 
covectors correspond to those w e #1(M) with (œw) > D. 

2. If V < J(M) is any analytic subvariety, then R(V) denotes the regular 
points of V; that is, those points ve V at which V is an analytic sub- 
manifold of J(M). The remaining points are called singular, and the set 
of singular points is denoted by S(V). To any point x e V, there is asso- 
ciated a linear subspace T*(V) = T*(J(M)) spanned by those covectors 
of the form df,, where f is any analytic function in an open neighborhood 
of the point x in J(M) which vanishes (identically) on V. The natural dual 
to the subspace T*(V) is a linear subspace T,(V) c T,(J(M)) called the 
tangent space to the variety V c J(M) at the point x, and dim T(V) is 
called the embedding dimension of the variety V at the point x. The 
embedding dimension is the dimension of the smallest submanifold of 
J(M) which contains the intersection of V with a small neighborhood of x 
in J(M). It is thus clear that the embedding dimension of x € R(V) is 
precisely the local dimension of x at V. The proposition preceding these 
remarks has shown that W, has embedding dimension g precisely at the 
points of W, for n < g — 1. (Hence for n > g as well.) 


HI.11.13. We introduce now some useful operations on subsets of J(M). If 
S c J(M) and a € J(M), then we set 


S+a={st+a;seS}, 
—S={-s;seS}. 
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If S, Tc J(M), then we set 
S@T=v{S+a;aeT}={s+t;seS,teT}, 
SOT=n{S —a;aeT}. 

A subvariety S of J(M) is irreducible if every meromorphic function on 


J(M) that vanishes on an open subset of S vanishes on S. Proposition 
III.11.11 has as an immediate consequence the following 


Corollary. For eachn < g, W, is an irreducible subvariety of J(M) of dimension 
n. 


III.11.14. Proposition. For any a e J(M), 
—W,-1—-a= W,-; -—a-~ K. 


g 
Proor. For any integral divisor D of degree g — 1, we can find an integral 
divisor D’ of the same degree such that DD’ is canonical. Thus 


p(D) + p(D') = K, 
showing that 
Wri = K = Wee 1° E 


IM.11.15. Proposition. Let O < r < t < g — 1. Let ae J(M), b e J(M). Then 
(W, + a) c (W, + b)ae(W_, + b)be(—W_, +a). 


Proor. First note that ae(W,_,+b)ea=x+b, xe W-,=>b=a- x, 
xe W_,<be(—W,,+a). Hence the last equivalence is trivial. Also if 
a e (W,_, + b), it is easy to see that (W, + a) = (W, + b). 

Assume now that (W, + a) = (W, + b). Thus for every integral divisor 
D of degree < r there is a D’ e M, such that 


o(D) + a = ọ(D') + b. (11.15.1) 


We need show that there is an A € M,_, such that a = g(A) + b. Now the 
Jacobi inversion theorem implies that there is an integral divisor B such 
that a = ọ(B) + b, and (11.15.1) implies that deg B < t. Let A be a divisor 
of minimal degree such that a = (A) + b. It follows that A is unique, 
since r(A~') is necessarily equal to one. If r(A~') > 1, then A would be 
equivalent to a divisor which contains Po. Thus (A) = 9(PoA’) = 9A); 
contradicting minimality of the degree of A. We now wish to show that 
deg A < t — r. We now have for every D e M,, there is a D' e M, such that 


g(D) + v(A) = ọ(D'), where deg A =s < t. (11.15:2) 


To show that s < t — r, we assume that s > t-— r. We can now choose a 
divisor D of degree t + 1 — s < r such that Po ¢ D and such that r(A © DEL 
(We are here using the facts that deg A + deg D < g and r(4~ +) = 1.) Now, 
(11.15.2), r(47 D71) = 1, and Abel’s theorem give us AD = D'Po; which is 
a contradiction since Po ¢ A, Po ¢ D. Hence we conclude s < t — r and thus 
ae W,-, +b. m) 
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Remark. The proposition shows that the subvarieties W, c J(M) for t < g 
are as far from being translation invariant as possible. Specifically an 
inclusion W, + u c W, is equivalent to ue W) = {0}. 


III.11.16. Proposition 
a. For any r, t > 0 and any a, b e J(M), we have 
(W, + a) + (W, + b) =(W,., +a +b). 


b. Fr O<r<t<g-—1 and any a, beJ(M), (W, +a) (W, + b) = 
(Wey aD). 


Proor. Part (a) is a triviality. To prove (b) wè use Proposition III.11.15 to 
obtain ue(W_, + (a — b)) = (b — abe(W_, — u) (W. + (b — a)) c 
(W, — u) (W, + b)c (W, + a—u). Assume now that ue (W,_, +a-— b) 
[and thus (W, + b) c (W, + a — u)] and v e (W, + b). Thus ve(W,+a-— u), 
or ue W, +a — v for all v e (W, + b). Hence u e (W, + a) © (W, + b). Con- 
versely, if u e (W, + a) © (W, + b) then u e W, + a — v for all ve W +b or 
v Ee (W, + a — u). Hence (W, + b) c (W, + a — u) or u e (W,_, + a — b). E 


Remarks 


1. The condition that t < g — 1 in (b) is necessary because W, = J(M) for 
t > g. Hence for any S c J(M), W, © S = J(M) for t > g. 
2. A special case of the proposition is also worthy of mention here: 
Wi=We-1OW-2= [) Wamu: 
ueWg-2 
Thus W, ~ M can be recovered from W,-2 and W,_,. Hence M is 
determined by W,_, and Wee. 


III.11.17. Proposition. For any n > 0 and any r > 0, 
Wi, = W,-,O(—W), whenever r < n, and i a bl 


W= Ø whenever r >n. (1172) 


Proor. Let xe W}. Then x= (D), De M,, and AOD S i the 
Riemann-Roch theorem gives r(D~')=n—g+1+ i(D). This is clearly 
impossible when r > n. 
We have previously seen (Lemma I11.8.15) that we W7 if and only if 
for every v e W, there is a v' € Wa- such that u = v + v'. Hence 
Wa O) CEES E 


veW, 


Remarks 


1. Formula (11.17.3) can be reformulated as u e€ Wis —(W, — u) c W,,. 
Clifford’s theorem gives a necessary condition that W7, not be empty. 
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The condition is that 2r < n or that r < n — r. Hence the above gives 
a geometric interpretation of this theorem. 

2. It is an immediate consequence of the proposition (in the form of 
Equation (11.17.3)) that the subsets W”, are complex analytic subvarieties 
of J(M). 

3. If we define W, to be the empty set for n < 0, then (11.17.2) becomes a 


special case of (11.17.1), and (11.17.3) is always valid. We shall adopt 
this convention. 


11.11.18. Proposition. Let 1 < n < g — 1 and let x = (Q) with Q # Po. Then 
W, A (W, + x) =(W,-, +x) U Waa. (11.18.1) 
Proor. Assume u € W, aœ (W, + x). Then 


=O One 0) O(O)—=10( Py E: 


Thus QQ; <- Q, ~ PoP, ++: Pa. If ~ can be replaced by =, then Q appears 
among P,,..., P,, and we may assume Q = P,,. Thus 


u = (P1 `> Pa-1) + oQ) E (W,,-1 + x). 


If the two divisors are not identical, then r(Põ !--- P; +) > 2 and ue Wł}. 
The reverse inclusion is trivial. E 


Remark. A non-empty component of W}, , cannot be a subset of W,- + x 
for all xe W,. For if V is a component of W,,, and V c W,-, +x for 
all x e W,, then 
Vo) Uha a W;. 
xeW, 

Now Vc W! certainly implies that V + W, = W1,,. Since V + W, is an 
irreducible subvariety of J(M) contained in W1,, (it is the image of the 
irreducible subvariety V x W, under the mapping (x,y) x + y) that con- 
tains V, it must agree with V. Thus in particular we have W, invariant 
under translations by ve V. This contradicts the remark following 
Proposition HI.11.15. 


11.11.19. Theorem 


a. Let r be the dimension of a non-empty component of W},, withi<n< 
g — 1. Then 
2n—gs<xr<n—1. 


b. A component of Wis. 1 <n <g— 1, has dimension n — 1 if and only 
if M is hyperelliptic. 


Proor. Let V be a component of W}, ;. By the above remark we can choose 
an xe W, such that V ¢ (W,_, + x). By (11.18.1), V must be a component 
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of the intersection W, ^ (W, + x). Hence dim V > 2n — g. Since W, is irre- 
ducible, and W, + x # W,, for each component V of the intersection, we 
must have dim V < n — 1. 

Assume now that M is hyperelliptic. Then W4 is non-empty and consists 
of a single point x. Hence x + W,_, is a component of W},, of dimension 
n-li. 

Conversely, assume W},, has a component V of dimension n — 1. If 
n = 1, then W} is not empty and M is hyperelliptic. Thus assume n > 2. 
Let us choose a point x e W,, and a point ue R(V) = W, n (W, + x) that 
is a manifold point of the two varieties of the intersection. (This is possible 
since V has dimension n — 1 and each of the two singular sets W1, (W1 + x) 
have dimensions at most n — 2.) The tangent space to W},, at u has 
dimension n — 1. Thus the dual cotangent space has dimension g—n+1. 
Now the point u e W, ^ (W, + x) is given by 


u = (01 ``: Q.) + p(Q) = g(P,°*: P,) + o(Po), 


where x = (Q). Assume now that P, -+ P,P, is the polar divisor of a 
function. We can then choose Q so that neither Q nor any of the Q, appear 
among the P,. The space of differentials vanishing at u on W1, is the span 
of those vanishing at u on W, and on W, + x, which are, respectively those 
vanishing at P,,...,P, and Q,,...,Q,. However, r(Py!--: P>1P51) = 
r(P;'---P,')+1 implies that i(P,--+ P,P) = i(P, A P,,). Thus every 
differential vanishing at P,,...,P, also vanishes at Po. Similarly, every 
differential vanishing at Q,,..., Q, also vanishes at Q. Each of these spaces 
are of dimension g — n. Their span must have dimension g—n-+1. Thus 
their intersection has dimension 


2g -—n)—-(g—n+1)=g-—n—1. 
The intersection is Q(Q,---Q,0P, = P,,Po) = Q(D). Now 


r(D=!)=2n+2-g+1+(g-n-1)=n+2, 
and hence 
c(D)=2n+2—2(n+2)+2=0. 


By Clifford’s theorem, M is hyperelliptic unless D ~ Z. 

If D ~ Z, then 2n + 2 = 2g —- 20r n =g —2. In this case 2u = K, which 
has only finitely many solutions in J(M). But n > 2 implies (g > 4 and) 
dim V = n — 1 > 1. Thus V is a continuum and u could be chosen so that 
2u # K (from the beginning). 

There remains the possibility that D = P, ++- P,,Po is not the polar divisor 
of a function for every D e y ‘(V) with D containing Po. Note that every 
D'e M},, is equivalent to a De M}, that contains Po. Thus for every 
De` (V) there is a PED, such that r(PD~') = r(D~"); showing that 
every ue V can be written in the form u = v + y with ve W} and ye W. 
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Thus W} must have a component of dimension > n — 2. By induction this 
implies the hyperellipticity of M. E 


II.11.20. An application of the above results on the dimension of W341 
yields the following. 


Theorem (Noether). On a non-hyperelliptic surface of genus g > 3, for every 
q > 2, the q-fold products of the abelian differentials of the first kind span the 
space of holomorphic q-differentials. 


Before we prove Noether’s theorem we recall (see III.6.8) the following 
useful observation: we can always find two elements of #'(M) that have no 
common zeros. Choose any œ; € #'(M) and let P,, ..., P, be its distinct 
zeros. If the result were not true, every other element of #'(M) would have 
to vanish at one or more of the points P;, ..., P,. Consider, however, 
Q(P,) U+ U Q(P,). Each set is g — 1 dimensional, so that the union is not 
all of #'(M). Thus there is an œ, € #'(M) which does not vanish at any 
of, the points Py..:.>.B: 

The preceding implies that the function f = ,/@» gives rise to a (2g — 2)- 
sheeted cover of the sphere with the property that for each ze C U {co}, 
f~ (z) is a canonical integral divisor. Since the function f is branched over 
only finitely many points we can even assume that the differentials w, and 
œ, have only simple zeros. 

A similar argument applied to Q(Po) shows that we can always find two 
elements w,, @, € (M) with precisely one common zero at Po (and no 
other common zeros), provided M is not hyperelliptic. We shall use these 
results in the proof of Noether’s theorem. 


PROOF OF THEOREM. Assume that M is a non-hyperelliptic surface. Thus 
there exists on M an integral divisor D of degree g — 2, such that i(D) = 2 
and for each Q e M we have i(DQ) = 1. Assume, on the contrary, that for 
every De M,_>, there is a Q € M such that i(DQ) > 2. Thus for all v e W,-2, 
there is an xe W, such that v+-xeW}_,,orveWj_,-xc Wi, ®(— W). 
But then W,_, = Wj_, ®(—W,), and it must be the case that dim Wj_,> 
g — 3. Theorem III.11.19 implies that dim Wj-1 <g —3, and that M is 
hyperelliptic. 

Let w,, 2 span Q(D) and let w, be any holomorphic differential which 
does not vanish at any of the zeros of @,@,. Our assumptions on D give 
that w,/w, is a meromorphic function on M with precisely g poles and 
i((@2)/D) = 1. The function ,/@, has precisely g poles because œ, and œz 
have no common zeros other than in D. The assertion on the index of (@)/D 
follows from the equality i((@)/D) = r(D7 +) = —1 + i(D). Let {0,,... 0,} 
be a basis for #'(M) and consider the 2g elements of #7(M): 


Oy, a s o D wig ohn 30, 
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Note that the first g products are linearly independent and so are the last 
g products. Let A, and A, denote the subspaces of #7(M) spanned by 
these products. Now dim(A, ^ A) = dim A, + dim A, — dim(A, v A3), 
and dim(A, ^ A) = 1. To verify the last assertion write (w;) = DD,,j = 1, 2, 
and note that D, and D, are relatively prime integral divisors of degree g 
(with (@,/w2) = D,/D). Now if n€ A, A Aj, then n = Co; j= 1, 2, with 
CE #"(M) (these Ç; need not be normalized). Thus €2/¢; = @,/@,. In par- 
ticular, (¢,) = DD, and (¢,) = DD, for some De MT Since i(D;) == 
i(D2), we must have ¢,/w, and ¢,/w, e C and A, ^ A; is spanned by w,q@,. 
Thus dim(A, v A,) = 2g — 1, and the 2g products span a subspace of #7(M) 
of dimension 2g — 1. 

We now adjoin w30,,..., «30, to our list, and denote the subspace of 
H*(M) spanned by these g linearly independent products by A}. Once 
again 


dim((A, v A2) A A3) = dim(A, v 4,) + dim A, — dim(4, v A, V A3) 
= 2g —1+ 9 —dim(A, v A, VA). 


We show that dim((A, v A) ^ 43) = 2, and in fact the space in question is 
spanned by @,@3, ww 3. Note that if y € (A, v A2) A A3, then y = f,0, = 
Cw, + ¢,@ . Since the right-hand side vanishes at D, it follows that (¢3) = 
DD. Thus C3 = X1@, + x20, (with x; e C) and the dimension is 2, as claimed. 
Thus dim(A, v A, v 43) = 3g — 3 = dim H*(M). This concludes the proof 
forg= 2. 

For the case q = 3, we start by choosing two elements w,, w, € #1(M) 
such that œw, and œw, have precisely one common zero at Po, and œw, € #'1(M) 
such that œw, does not vanish at the zeros of ww. 

Let {fi - - - „f3g-3} be a basis of #2(M) with each f; a 2-fold product of 
elements of #1(M). Let A; be the (3g — 3)-dimensional space spanned by 
Ofi- -a Oj Jay- 3- AS before 


dim(A; 4 A,) = dim A, + dim A, — dim(A, v A,). 


If yn; = wan, E€ A, A Ay, then 2/@, is an abelian differential with at most 
a single pole at Py and therefore holomorphic at Py. Hence n, can be written 
as n2 = œ% with œ € #1(M). This shows that dim(4, A A,) = g, and thus 
that dim(A, v A,) = 5g — 6. Clearly 3 does not vanish at Po, while every 
element in A, v A, does. Hence w} is not in A, v A. Adjoining it to our list, 
we have a space of dimension 5g — 5 = dim H*(M), spanned by three-fold 
products. This concludes the proof for q=3: 

For q > 4 we now can proceed by induction. We let «,, > E H (M) be 
such that w, and œ, have no common zeros. Let td ie Sandee ag) bee 
basis for #/"(M), with m > 3, composed of m-fold products of elements of 
H (M). Let A; denote the space spanned DY" Gh) a OS (2m o 
Then dim(A, A A,) = 2(2m — 1)(g — 1) — dim(A, v A,). Clearly however 
dim(A; > A,) = (2m — 3)(g — 1), and thus dim(A, v A,) = (2m + 1)(g — 1) = 
dim #”*1(M). E 
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EXERCISE 


Recall the exercises of III.7.5 and complete the above discussion for hyperelliptic 
surfaces (including the case g = 2). 


11.12. Torelli’s Theorem 


This section contains a proof of Torelli’s theorem which states that the 
conformal equivalence class of a compact Riemann surface is determined by 
its period matrix. If the surface is of genus 0, there is of course nothing to 
prove. For surfaces of genus 1, the result is a consequence of Abel’s theorem 
(see III.6.4) which shows that each torus is its own Jacobian variety. Thus 
we are left with the case of surfaces of genus g > 1. We will use the notation 
of the previous section and show that W, = J(M) is determined up to a 
translation and reflection (this is the map that sends a point in the Jacobian 
variety to its inverse) by W,_,, the so-called canonical polarization of J(M). 
Of course, W, is isomorphic to the surface M (Abel’s theorem again) and 
we shall show in Chapter VI (Theorem VI.3.1) that W,_, is determined by 
the period matrix of M. We follow the arguments of Henrik H. Martens, 
which show that Torelli’s theorem is a combinatorial consequence of the 
Riemann—Roch theorem and Abel’s theorem. 


111.12.1. We start with a number of observations. 
(a) For every a e J(M), we have 
SA + a) + K = W,-1 SA 


This is a restatement of Proposition III.11.14. 
(b) For every integer r with 0 < r < g — 1 and all a and b in J(M), we have 


(W, + a) = (Wy, + b) >a E (Wp-1-+ + b); 


This result is a special case of Proposition IM.11.15 for the case 
t=g-—1. 
(c) For every integer r as above 


Wt = W210 W, 
and 
M P E W,-1 SA) 


The first statement is Proposition III.11.16(b) for t =g — 1. The second 
formula is a consequence of 


W, O(-W) = (){W,-1 + usue W} = (\{-Wa+ut Kiue W) 
= —(\{W,,-—u,ueW}+K 
= —(W,_, OW) + K = —W,-1-, + K. 
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We now establish the following 


Lemma. Let r be an integer with O < r < g — 2. Let a and b be points in J(M) 
that are related by the equation b = a + x — y where x e W, and ye W,_,-,. 
Then either (W,,, + a) = (W,_, + b) or else 


(W, 


r 


41 + a) O(W,_, + b) =(W+a+x)VUS, 
where 
S = (Wey + )0(—W,-2—y +a+ K). 


Proor. By assumption x = ọ(R), y = g(R), and y(R) + a= ọ(R) + b, where 
R and R are integral divisors of degree 1 and g — 1 — r, respectively. If R is 
a point of R, then our equation reduces to a = o(R') + b, where R’ = R/R 
is an integral divisor of degree g — 2 — r. In this case, ae W,_,_, + b and 
W+ +a c W,_, + b, by (b) above. Hence we assume that R is not a point 
of R. 

Let ue (W,,, + a) (W,_, + b). Then there exist integral divisors D and 
D of degree r + 1 and g — 1, respectively, such that u = ọ(D) + a = (D) + 
b. Hence DR is equivalent to DR. If DR = DR, then R must be a point of 
D and u = (D) + a = ọ(D') + ọ(R) + a, where D’ is an integral divisor of 
degree r and thus ue W, + a + x. If DR + DR, then r(1/DR) > 2 and hence 
given any point Q e M, there exists an integral divisor Ô of degree g — 1 
such that DR is equivalent to QO. Then 


u = (D) + a = g(Q) + (Q) — o(R) + a; 
that is, 


ue(\{W,,+a-—y+v;veW,}= —(W,-.+y—a)+ K. 
We have used part two of (c). Since 
“(Waa Fy¥-a+ KO-(W,4 +y =a x)4+ K = WwW, +b, 


the reverse inclusion is trivial. =] 


II.12.2. We will need two more facts. The first observation involves 
reflection in the Jacobian variety. We change the canonical homology basis 
on the surface M 


from Oa Dee bt Oa ap Uae 


This changes the elements in the dual basis for the holomorphic differentials 
to their negatives while leaving unaltered both the period matrix and the 
Jacobian variety of the surface. Our reflection changes W, into — W, for 
each positive integer r. 

Our second observation involves the intersection of the curve in the 
Jacobian (that is, W,) with the polarization divisor (that is, translates of 
W,-1). The needed fact is best established using the results of Chapter VI on 
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the Riemann theta function. Let b be a point in J(M) and assume that W, 
is not contained in W,_, + b. Then the intersection W, 1(W,_, + b) consists 
of g points (counting multiplicity) (P,), ..., p(P,) with P,e M,i=1,...,9 
and there exists a point c e J(M) that is independent of b such that 


9(P, P) = b+c 


To verify this assertion, we let k be the vector of Riemann constants (see 
VI.2.4.1). By Theorem VI.2.4, the function on C? 


zr (z — b + k) 


vanishes precisely on W,_, +b and by Theorem VI.3.2, the multivalued 
function on M 
P= b(ọ(P)—b + k) 


either vanishes identically or has precisely g zeros P}, ..., P, on M that 
satisfy 
(PP k= p= kK, 


The images under ¢ of the zeros of the multivalued function are precisely 
the points in W, ^ (W,-ı + b). Thus we have verified our claim with 


c= —-2x=K 
by Theorem VI.3.6. 


111.12.3. Torelli’s Theorem. Let o : M > J(M) be an Abel—Jacobi embedding 
of a compact Riemann surface M of genus g > 2 into its Jacobian variety 
J(M). Then W, = ọ(M) is determined up to translation and reflection by 
the canonical polarization of J(M); that is, by the class of translates of 
Proor. By translation, if necessary, we may normalize ¢ so that ọ(P,) = 0 
for some base point P,e M. Let N be a second Riemann surface of 
genus g with the same Jacobian variety as M and let y: N > J(M) be an 
Abel—Jacobi embedding of N into its Jacobian variety with some normal- 
ization w(Q,) = 0 for a base point Q, € N. Let V, denote the image under 
w of the set of integral divisors of degree r on N. We must show that 
if V,_, is a translate of W,_, then V, is a translate of either W, or of 
—W,. 
Let r be the smallest integer such that 


V, c (W1 +a) or Vic —(W4,+4)+K for some ae J(M). 


The theorem will be proved if we can show that r=0. Assume for 
contradiction that r > 1. Clearly, r < g — 1. By changing the canonical 
homology basis on N to inverses as in III.12.2, if necessary, we may assume 
that V, c W,,, + a for some given a € J(M). Choose x € W, and y € W,_,-,. 
Set b=a+x—y. Then unless W,,, +a c W,-ı +b, we have by the 
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assumed inclusion and the previous lemma (in the notation of that lemma) 
Vi O(W,-1 + b) = Vi O(W,-1 + 5) (Wa + @) 
=Vin(W+a+x))UV, 0S). 


For given a, W, + a + x depends only on the choice of x and S only on the 
choice of y. 

We show first, that for a fixed x, V, ¢ (W,_, + b) for almost all choices 
of y, and hence also (W,,, + a) ¢ (W,_, + b) for the same y. As y varies over 
W,-1-r, —5 varies over W,_,-,—a—x. By assumption, there exists a 
ke J(M) such that V,_, +k = W,_,. Hence V, c (W,_, + b) if and only if 
V, <(V,-, +b +k) if and only if —be(V,_,+k) by II.12.1(b). Thus 
the set of b for which V, c (W,-ı + b) is precisely the set of b with 
—beE(V,_2. +k) (W,_1-, — a— x). Now, if V, < (W,_, + b) for all —be 
(W,-1-, — a — x), then V; c W,_, O(W,_,_, — a — x) = W, + a + x by part 
one of III.12.1(c). This contradicts the minimality assumption on r. Hence 
(W,-1-r — a — x) £ (V,-2 + k) and the intersection of these two sets is a 
lower dimensional subset of (W,_,_, — a — x). 

We now consider again the intersection 


Vi oa (W: +b) = (VO (W, +a4+x))U(V, 0S). 


By III.12.2, if V, ¢ (W,_, + b), then there is a unique integral divisor D(b) of 
degree g on N such that 


W(D(b)) =b + c, (*) 


where c € J(M) is independent of b and the points in D(b) are mapped by y 
onto the intersection V, 1(W,_, + b). 

We show next that V, o (W, + a + x) contains at most one point. If not, 
then as —b varies over almost all points of (W,-1-, — a — x) for fixed x, the 
divisor D(b) will contain at least two fixed points and hence W(D(b)) varies 
over a translate of V,_,. By the last displayed equation (*), we would have 
an inclusion of —W,_,_, + K in a translate of Vaan SAY Weegee Re 
(V,-2 + d) for some d € J(M). Then 


(Vj-1 + k) O(V,-2 + d) € W,-1 O(—W, 4, + K) 


and, using III.12.1(c), we get an inclusion of V, in a translate of — W. + K. 
This again contradicts the minimality or r. 

Keeping y fixed and varying x, we see from (*) that VV al(W. +a+ x) 
must contain at least one and hence exactly one point. By the preceding 
argument this point occurs in the divisor D(b) with multiplicity 1 for almost 
all choices of y. 

It is now easily seen that we can find x and x’ in W, and a y e Wi, 
such that D(a + x — y) = QD and D(a + x’ — y) = Q'D, where Q and Q’ are 
points of N and D is an integral divisor on N of degree g — 1 not containing 
either Q or Q’. By (*), (Q) — (Q’) = x — x’ and hence W, has two distinct 
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points in common with some translate of V,. Now, if x, x'e W,, then 
(W — xX) O(W,_, — x') = W,-. U(—W,_, —x—x'+K) by the last 
lemma. By III.12.1(c), we now have an inclusion of some translate of Vi 
in W,_, or in —W,_, + K, hence by III.12.1(c) again, we get an inclusion 


of some translate of V, in W, or in — W, + K. We have completed the proof 
of the theorem. O 


CHAPTER IV 
Uniformization 


This chapter has two purposes. The first and by far the most important is to 
prove the uniformization theorem for Riemann surfaces. This theorem 
describes all simply connected Riemann surfaces and hence with the help 
of topology, all Riemann surfaces. 

The second purpose is to give different proofs for the existence of mero- 
morphic functions on Riemann surfaces. These proofs will not need the 
topological facts we assumed in Chapter II (triangulability of surfaces). As a 
matter of fact, all the topology can be quickly recovered from the complex 
structure. 

This chapter also contains a discussion of the exceptional surfaces (those 
surfaces with abelian fundamental groups), an alternate proof of the 
Riemann-Roch theorem, and a treatment of analytic continuation (algebraic 
functions on compact surfaces). 


IV.1. More on Harmonic Functions 
(A Quick Review) 


In this paragraph we establish some of the basic properties of harmonic 
functions. The material presented here is probably familiar to most readers. 


IV.1.1. We begin by posing a problem that will motivate the presentation 
of this section. Details will only be sketched. For more see Ahlfors’ book 
Complex Analysis. 


DIRICHLET PROBLEM. Let D be a region on a Riemann surface M with 
boundary ôD. Let f be a continuous function on ôD. Does there exist a 
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continuous function F defined on D u SD such that 


i. F|D is harmonic, and 
ii, F|6D =f? 
IV.1.2. Let g be a real-valued harmonic function in {|z| < p}. There exists, 


of course, a holomorphic function f defined on {|z| <p} with g = Re f. 
We may define f by 


Im f(z) = [> *dg, 
and observe that the integral is independent of the path (because {|z| < p} 
is simply connected). The Taylor series expansion of f about the origin is 


N= y Lage, OET. 


n=0 


Without loss of generality aọ € R. Hence 
> 1 , —— 
glre) = 5(fire®) + flre) 


1 ; , 
es D raeas a azer i"), 
2 n>1 


and integrating, we get 


= Ao + 


inĝ 


Multiplying the above by e` 


1 2n ie 
ao = z- |," gle”) do, 


1 fzr g(re’*) 
= — d Zale 
ies iL (re’*)” lee 


Thus for |z| < r, we have 


1 z ; i 
f(z) = sp are +2) a fw 


n21 
E mre a7 
= on ik g(re”) a, 40, (1.2.1) 
and 
Re f(z) i ) Re Te +2 ag 
g(z e f(z r g 7 

2 

= L f? gire i0 ae (1.2.2) 


The expression (r° — |z|?)/|re® — Fee is known as the Poisson kernel (for the 
disc of radius r about the origin). It has the following important properties: 


2 
= ele Bh ANEU ES (1.2.3) 


2n Jo |re® — z|? 
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foil 1.2.4 
meaa for |z| <r. (1.2.4) 
2 
lim = ie eee 0 for0<n<n. (1.2.5) 
zrei9 LT o, 
|z| <r 


From the reproducing formula (1.2.1) we also get a formula for the har- 
monic conjugate of g that vanishes at z = 0, namely, 


ee 
Im f(z) ==." g(r d8 


= 


1 2r ma 2 = rez 


a Oe a id = 
Faad g(re EE T F z| do. (1.2.6) 
IV.1.3. Theorem. The Dirichlet problem for the disc has a unique solution; 
that is, given a continuous aa nee on {|z| = r}, there exists a con- 


tinuous function F on {|z| < r} such that F is harmonic in (lz | <r} and F(re’*) = 
f(re'®), 0 < 0 < 2n. 


ProoF. Without loss of generality f is real-valued. Since real harmonic func- 
tions satisfy the maximum and minimum principle, uniqueness is obvious. 
For existence, one sets for |z| < r 

2 


F(z) = 5 Alana A r afede (1.3.1) 


and uses the properties of the Poisson kernel (1.2.3)-(1.2.5). oO 


Corollary. If f is a continuous function on a domain D c C, and f satisfies 
the mean-value property in D, then f is harmonic in D. 


Proof. Again without loss of generality f is real-valued. Solve the Dirichlet 
problem for f|{|z — zo| = r} with {|z — zo| < r} = D. Call the solution F. 
Then F — f satisfies both minimum and maximum principles, since the 
mean value property is all that one needs to prove these principles. Hence 
F = f on {|z — zo| < r}, and f is harmonic. O 


IV.1.4. For |z| < r, it is easy to see that 


r= |z| r?—|z)? _ r+ |z| 
[ai 


r+ |z|~ |re® — z r— |z| 


These estimates on the Poisson kernel imply almost immediately 


Harnack’s Inequality. Let D be a domain in C and D, < c D (that is, D, is a 
relatively compact subdomain of D). Let u be a positive harmonic function on D. 
Then there exists a constant c = c(D,,D) that depends only on D, and D (not on 
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u) such that 


u(Z;) 
u(Z>) 


Sc,» allz;, 25.6 Dix 


IV.1.5. Because harmonicity is a local property and we have the Poisson 
reproducing formula (1.2.2) for harmonic functions, we can establish the 
following 


Proposition. If {u,,} is a sequence of harmonic functions on a Riemann surface 
M and {u,„} converges to u uniformly on compact subsets of M, then u is also 
harmonic. 


This can be seen from the fact that the limit function is continuous and 
necessarily has the mean-value property. 


IV.1.6. Harnack’s Principle. Consider a sequence of real valued harmonic 
functions {u,} each defined on a domain D, on the Riemann surface M. Assume 
that each Py e€ M has a neighborhood U such that U c D, for all but finitely 
many n. Further assume that 


u,(P) < u,+,(P), P eU, n large. 


Then either 


i. lim u, = +œ, uniformly on compact subsets of M, or 
n= œ 
ii. lim u, 


n> oo 


u, uniformly on compact subsets of M with u a harmonic function. 


OUTLINE OF PROOF. Without loss of generality we may assume u, are positive 
harmonic functions. Define 


u(P) = lim u,(P). 
Harnack’s inequalities show that the sets 


{Pe M; u(P) = +œ} 
{Pe M; u(P)< +o} 


are both open. Hence one of them is empty. The same inequalities show that 
the convergence is locally uniform. Thus the result follows from the previous 
proposition. O 


IV.1.7. Theorem. Let u be a harmonic function on {0 < |z| < 1}. Then there 
exist constants «, B such that forO<r <1, 


lm u(re’®) dO = «a log r + P. (1.7.1) 
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Proor. Recall Formula I (4.4.2). For u;, u, harmonic and 0 < p <r (and 
the usual counterclockwise orientation for the circles) we have: 


* = * = — = 
(Fase Saren) 6 du, — u,*du,) Pod u, Au, = 0. 


Now we let u = up, and set 
u,(z) = log|z| 


(recall that on |z| = r, (du,/Or) r dð = *du,)), to obtain 
2n 2n sh] 
-s= | lograran | u(re®) -r d0 


(— B is, of course, the value of the right-hand side of the above equation for 
r = p, which we take to be a fixed value). Thus 


ie u(re'®) dO = B + log Al 


The last equality holds because J),,-, *du is independent of r. This is simply 
Cauchy’s theorem for du + i*du is a holomorphic differential in {0 < |z| < 1} 
alternatively, because *du is closed. 


*du = B + a logr. 


z|=r 


Remark. The above also shows how to evaluate «: 


c= ire *du. 


Furthermore, we may view (1.7.1) as a formula for computing f, especially 
when we know that « = 0. 


Corollary 1. [fu is harmonic and bounded in {0 < |z| < 1}, then a = 0. 


Proor. If M = sup|u| on 0 < |z| < 1, then 


(i u(re’®) d0| < M2r. g 


Corollary 2. If u is harmonic and bounded in {0 < |z| < 1}, then u can be 
extended as a harmonic function to {|z| < 1}. 


PROOF. Since « = 0, Vejen tees = 0. Thus (we assume u is real, this involves 
no loss of generality) there exists an analytic function f on {0 < |z| < 1}, 
with u = Re f on {0 < |z| < 1}. Set F = exp f. Since |F| = exp u, and u is 
bounded, so is |F|. By the Riemann removable singularity theorem F can be 
extended to |z| < 1. Since a pole or an essential singularity of f is an essential 
singularity for F, f has a removable singularity at z = 0. E 


Remark. As a consequence of the preceding, we have the following: The 
Dirichlet problem does not have a solution for D = {0 < |z| < 1}, f(0) = 1, 
f(z) = 0 for |z| = 1. 


IV.2. Subharmonic Functions and Perron’s Method 171 


IV.2. Subharmonic Functions and Perron’s Method 


The linear functions f(x) = ax + b in one (real) variable satisfy the mean- 
value property. The harmonic functions in two variables are the natural 
generalization. Similarly, both classes of functions satisfy the (appropriate) 
Laplace equations. Subharmonic functions are the natural generalization 
of convex functions. Throughout this section, M is a Riemann surface. All 
functions considered will be real-valued. 

In this section we establish Perron’s principle which gives sufficient con- 
ditions for the supremum of a family of subharmonic functions to be a 
harmonic function. Using this principle, the Dirichlet problem is solved. 


IV.2.1. A continuous function u on M is called subharmonic on M if and 
only if for every domain D on M and every harmonic function h on D with 
u < hon D we have u = h on D or u < hon D. The function u is called super- 
harmonic if and only if — u is subharmonic. Obviously every harmonic func- 
tion is both subharmonic and superharmonic. 


Proposition. A continuous function u is subharmonic on M if and only if for 
every domain D c M and every harmonic function h on M, u + h has no max- 
imum in D unless u + h is constant. 


PROOF. Say uis subharmonic and u + h < H with H constant and H assumed 
by u + hat some point in D, then u < H — h in D. Since H — h is harmonic 
in D and equality holds at least one point in D, u = H — h. Thus, u + h = H, 
and u + h is constant. 

Conversely, say u < h on D. Then u + (— h) < 0. Then either u + (—h) < 0 
on D or u + (— h) equals zero at a point in D. In the latter case, the hypothesis 
implies u + (— h) is constant (and = 0). Thus u is subharmonic. El 


Corollary. Subharmonicity is a local property (that is, a function subharmonic 
in a neighborhood of every point is subharmonic). 


IV.2.2. A conformal disc K < M is an open set (K) whose closure (Cl K) 
is in a single coordinate patch (with local coordinate z) such that z(Cl K) 
is a Closed disc in C of radius > 1, and center z = 0. 
Let u be a continuous function on M(u e C(M)). Fix a conformal disc K on 

M. We define a new function u™ on M as follows: 

u®) e C(M), 

u |M\K = u|M\K, 

u™® is harmonic in K. 
The solution of the Dirichlet problem for the disc gives the existence and 
uniqueness of u‘*). Furthermore, 


C(M) aur u% e C(M) 
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defines an R-linear operator (to be called harmonization) on C(M). Also, u 
is harmonic if and only if u = u*® for all conformal discs K on M. 


Proposition. Let ue C(M). The function u is subharmonic if and only if u < 
u™® for every conformal disc K on M. 


PROOF. Assume u is subharmonic. Consider 
u — u”) 


This function vanishes on M\K.It has no maximum in K(unless it is constant). 
Its maximum must be on ôK. Thus u — u*®) < 0. 

To prove the converse, let h be harmonic on D. We show that the maximum 
principle holds for u + h. Assume u + h achieves a maximum H on D, a 
domain in M. Set 


Dy = {P € D; u(P) + h(P) = H}. 


Then Dy is non-empty and closed in D. Pick a conformal disc K < D around 
P e Dy with the local coordinate z. Now for 0 <r < 1, K, = z7 ‘({|z| < r}) 
is also a conformal disc, and 


H = u(P) + h(P) = u(0) + h(0) < u (0) + h(0) 


a berir pR io 
= al (u(re’’) + h(re'’))d0 < H. 
Thus u(re®) + h(re®) = H all r, 0 <r < 1, and all 0, 0 < 0 < 2n. Hence Dy 
is open in D. Since we have taken D to be connected (without loss of gen- 


erality), Dy = D, and u +h is constant in D. Hence u is subharmonic by 
Proposition IV.2.1. LJ 


Corollary (of Proof). Let ue C(M). Then u is subharmonic if and only if 
1 2n i0 
u(0) < an {| u(e’’)d@ 
for every conformal disc on M. 


Corollary (of Corollary). Let D be a domain on M. Assume that u e C(Cl D) 
is subharmonic and non-negative on D and identically zero on D. Extend u 
to be zero on M\D. Then u is subharmonic on M. 


IV.2.3. Proposition. Let u, v be subharmonic functions on M and c € R, c > 0. 
Let K be a conformal disc on M. Then cu, u + v, max{u,v}, and u™® are all 
subharmonic. 


Proor. That cu and u + v are subharmonic follows immediately from the 
above corollaries. Next assume that max {u,v} (Po) = u(Po). Letting z be a 


IV.2. Subharmonic Functions and Perron’s Method 173 


local coordinate vanishing at Po, corresponding to a conformal disc, we 
see that 


1 2n . 
f yt == == i0 
maxu, (Po) = u(Po) < on if u(e’’) dO 


< l iF f wii? dé 
5, Jo PAX j(e") dé, 


showing that max{u,v} is also subharmonic. Finally, u% is clearly sub- 
harmonic on M\òK. Thus, let Py € 6K. Using the same notation as above, 
we see that 


u™®(0) = u(0) < Line u 


ie 
lh er iL, ue) d0, 


proving that u is subharmonic. O 


IV.2.4. Proposition. Let ue C(M). Then u is harmonic if and only if u is 
subharmonic and superharmonic. 


PROOF. If u is subharmonic, then u < u“) for all conformal discs K. If u is 
superharmonic then u > u®. Thus, if u is both, u = u®. Since harmonization 
does not affect such a function u, it must be harmonic. The converse is, of 
course, as previously remarked, trivial. E 


IV.2.5. Proposition. Let u e C?(M). Then u is subharmonic if and only if 
Au = 0. 


Proor. Since subharmonicity is a local property, it involves no loss of 
generality to assume that M is the unit disc {z = x + iy; |z| < 1}. Further- 
more, Au > 0 is a well-defined concept on any Riemann surface (because 
we are interested only in complex analytic coordinate changes). We view 4 
as an operator from functions to functions: 


y Cru ow 
a 
Oxe Oy" 


Say Au > 0. Thus u has no maximum on M. (If u had a relative maximum 
at Po, then 
07u 07u 
ax2 (Po) $9 rn or Au(Po) < 0.) 


If h is harmonic on M, then A(u + h) > 0, and, as seen above, this implies 
that u + h has no maximum on M. Thus u is subharmonic. 
Suppose now Au > 0. Let ¢ > 0 be arbitrary. Set 


v(x, y) = u(x,y) + e(x? + y’). 
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Then v e C?(M) and Av = Au + 4e > 0. Thus, by the first part, v is sub- 
harmonic. Hence, for every K, a conformal disc on M, v < v®. or 
uw +> u® 4 ex? + y2) Bu t+ ex? + y’), 


or (by letting £ approach zero) u < uX): that is, u is subharmonic. 
Conversely, say u is subharmonic and Au < 0 at some point. Then also 
in a neighborhood D of this point. By the above, u is superharmonic in D. 
Hence, we conclude that such a u must be harmonic in D, and we arrive 
at the contradiction Au = 0 in D. O 


IV.2.6. A family F of subharmonic functions on a Riemann suface M 
is called a Perron family (on M) provided: 
F is non-empty, (2.6.1) 


for every conformal disc K c M and every ue F, 


there is a v e F such that v| K is harmonic and v > u, (2.6.2) 
and 
for every u; € F and every u, € F, there isa 
ve F such that v > max{u;,u2}. (2.6.3) 
Remarks 


1. In most applications the functions v satisfying (2.6.2) and (2.6.3) will be 
u® and max{u;,u2}, respectively. 

2. If F is a Perron family on M, if K isa conformal disc in M, and if uj E F, 
j=1,...,n, then there is a ve F such that v|K is harmonic and v > uj, 
e 1 ro the 


Theorem (Perron’s Principle). Let F be a Perron family and define 


u(P) = sup v(P), PeM. 


veFy 


Then either u = + œ or u is harmonic. 


Proor. Cover M by a family of discs {D,}. If we have the theorem for discs, 
we have it for all of M. We claim that if u is harmonic on one disc in the 
cover, say D,, then u is harmonic on all discs. Let D, be another such disc. 
Since M is connected we can find a chain of discs 


D3,D3, Arata Di = DS 
with 
D; © Dj+ı non-empty for j = 1,...,n. (2.6.4) 
By the theorem for discs u| D; is either harmonic or = + ©. Since we have 


(2.6.4), it is impossible for u|D, to be harmonic and ul Daa itoe =E 
Thus we may assume 


K = {zeC;|2|<1}c {zeC;|z)<r}=M, r>, 
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and prove the theorem for K. Let {z;}72, be a dense set of points in M. (We 
cannot at this point choose a countable dense set in our original M, since 
we do not know yet that every Riemann surface is second countable.) For 
each j, choose a sequence Vik E F such that 

u(z;) = lim v,(z;). 

k> œ 

Choose any v; € F such that vı is harmonic on K and v, > v,,. Having 
chosen 

Hime e Fe 


choose v,,, € F such that 


Un+1|K is harmonic, 


Un+1 z Uns 
and 
vi S0 allm<n+i,alll<n+ 1. 


We now observe that 


mez oe forn>k > j, 
and thus 
lim v,(z;) = sup v,(Z;) = u(z;). 
Assume u # +œ. Without loss of generality we assume that u(z,;) < +00. 
By Harnack’s principle 
W = lim »v, (2.6.5) 
k 


is harmonic in K. We must verify W = u. Since vE F, vy <u, and hence 
W < u by (2.6.5). Further W = u on a dense set (we do not know yet however 
that u is even continuous). Thus W > v on a dense set for all v e F. Since 
all ve F are continuous, W > v for all ve ZF. Thus, W > uon K. m 


Remark. The above proof also showed how to obtain the function u. Let 
K be an arbitrary compact subset of M. Cover K by finitely many discs 
{K;;j=1,...,n}. For each j, there is a sequence of increasing harmonic 
functions {v,,} such that 


yes tn Vj, ON Kj. 


Choose v, € F such that vy > max{v,;j =1,...,n}. Then 


u = lim Uk 
k 


uniformly on K. In general, the functions v, are only subharmonic on K 
(that is, not always harmonic). 


IV.2.7. We now return to the Dirichlet problem introduced in IV.1.1. We 
take a region D with boundary ôD on a Riemann surface M. 
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Let P e ôD. We shall say that £ is a barrier at P provided there exists a 
neighborhood N of P such that 


Be C(CI(D ^a N)), C) 
B is superharmonic on Int(D A N), (272) 
B(P) = 9, (2.7.3) 
and 
B(Q)>0 forQ#P,QeE Cl(D a N). (2.7.4) 


Remark. If P € 6D can be reached by an analytic arc (=image of straight 
line under holomorphic mapping) with no points in common with Cl D, 
then there exists a barrier at P. 


Proor. This is a local problem and so we may assume that P can be reached 
by a straight line with no points in common with D and D c C. Furthermore, 
we may assume P = 0, and the line segment is y = 0, x < 0. Choose a single- 
valued branch of \/z in the complement of this segment and set f(z) = Re Jz. 
Writing z = re, we see that B(z) = r"? cos 0/2 with =z < 0 <1, and is 
thus a barrier at 0. E 


We need a slight (free) improvement. Let $ be a barrier at P e ôD with 
N (as in the definition) a relatively compact neighborhood Orre EITUS 
choose any smaller neighborhood No of P with Cl No c Int N. Set 


m = min{B(Q); Q € (CI(N\No) ^ Cl D)} > 0. 
Then set 
Mea Q e C\(D\N). 


Then f is continuous on D, BRO, B(Q) = 0 if and only if Q = P, and B is 
superharmonic on D. Further B/m is again a barrier at P with B/m = 1 
outside N. (It is defined on all of Cl D.) We shall call B/m a normalized 
barrier at P. 


à TERS QeNoaD, 


IV.2.8. Let D c M.A point P e ôD is called a regular point (for the Dirichlet 
problem) if there exists a barrier at P. A solution u to the Dirichlet problem 
for a bounded f e C(dD) is called proper provided 


inf{ f(P); P e ôD} < u(Q) < sup{ f(P); Pe ôD}, all Q e Cl D. 


Theorem. The following are equivalent for D = M: 


a. There exists a proper solution for every bounded f € C(dD). 
b. Every point of ôD is regular. 


ProorF. (a) = (b): Let Pe dD. It is easy to construct an f e C(dD) with 
0< f <1 and f(Q) = 0 if and only if Q = P. Let u be a proper solution to 
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the Dirichlet problem with boundary value f. Then 0 < u < 1. We claim 
u > 0 in D. Otherwise, u = 0 in D (by the minimum principle) and f = 0. 
Since u is harmonic, it is superharmonic, and thus a barrier at P. 

(b) = (a): Let 


F = {v e C(CI D); v is subharmonic in D, 


mo = inf f < v < sup f = m,, and v(Q) < f(Q) 
for all Q e ôD}. 


Clearly the function which is identically mọ is in F. If u,, u, € F, then 
max{u;,u2} € F. Also for every ue F and every conformal disc K in D, 
u) € F. Thus F is a Perron family on D. Let 


u(Q) = pup UO RO ED: 


Then w is harmonic in D and mọ < u < m}. 
We verify two statements for P € ôD: 


1. lim inf u(Q) > f(P); and 
Q>P 


2. lim sup u(Q) < f(P). 
Q>P 


PROOF OF (1). If f(P) = mo, there is nothing to prove. So assume f(P) > Mo. 
Choose £ > 0 such that f(P) — ¢ > mo. There is then a neighborhood N(P) 
such that 


f(Q) => f(P)—e forall Qe N(P) ^ OD. 
Let f be a normalized barrier at P which is = 1 outside N(P). Set 
WO = (fF) mg = O ES oe) Oe CLD. 
Clearly, w e C(Cl D) and w is subharmonic. For Q e Cl D, 
w(Q) < f(P) —e< my, 


w(Q) = moB(Q) + (f(P) — £)(1 — B(Q)) 
> MoB(Q) + mo(1 — B(Q)) = mo. 


and 


Finally, for Q € dD, 
w(Q) = mo < f(Q), Q¢N(P), 
w(Q) < f(P)-—e< f(Q), QeN(P). 
We have shown that we F. Hence, w(Q) < u(Q), all Q e D, and thus 
lim inf u(Q) > w(P) = f(P) — e. 
Q-P 


and 


Since e is arbitrary, (1) follows. E] 
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PROOF OF (2). There is nothing to verify if f(P) = m;. Assume f(P) < mi. 
Choose ¢ > 0 so that f(P) + £ < m,. Choose N = N(P), a relatively compact 
neighborhood of P, such that 
f(Q) < f(P) +e forall Qe N(P) 29 OD. 
Let v e F be arbitrary. We claim 
v(Q) — (m, — f(P)— p(Q) < f(P)+e, QDEN(P)AD. (28.1) 


(Here ß is again a normalized barrier at P that is = 1 outside N (P).) Since 
the function on the left of the inequality is subharmonic, it suffices to check 
the pa on ôN ^n D). If Q0€6(N a D), then either (i) Q € ôN ^ 
CI D or (ii) Q e CIN ^ ôD. In case (i), the left-hand side of (2.8.1) satisfies 


=v(0)—- m; + f(P)+e<f(P) +6. 
In case (ii) we have the estimates (for the same quantity) 
<v(Q) < f(Q) < f(P) +¢ 
We have thus verified (2.8.1). Thus for Q e N(P) œ D 
v(Q) < f(P) + € + (m, — f(P) — &)B(Q), 


and hence also 
u(Q) < f(P) + € + (m, — f(P) — €)B(Q). 
From this last inequality we conclude 


lim sup u(Q) < f(P)+ € 
Q>P 


Since e can be chosen arbitrarily small, we have (2). T 


IV.3. A Classification of Riemann Surfaces 


In this section we partition the family of all Riemann surfaces into three 
mutually exclusive classes: compact (=elliptic), parabolic, and hyperbolic. 
The partition depends on the existence or non-existence of certain sub- 
harmonic functions. It will turn out (next section) that each of these classes 
contains precisely one simply connected Riemann surface. Perhaps of 
equal importance is the fact that this classification also enables us to con- 
struct non-constant meromorphic functions on each Riemann surface. The 
constructions in this section differ in a few important respects from the 
constructions in II.4. We do not need here the topological facts that were 
previously used (triangulability of surfaces and existence of partitions of 
unity), and we get sharper information about the meromorphic functions 
that we construct (see, for example, Theorem IV.3.11). 
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IV.3.1. Lemma. Let K be a compact connected region on a Riemann surface 
M, with K # M. There exists a domain D on M such that 


Kia (3.1.1) 
Cl D is compact, (3.1.2) 

and 
ÒD consists of finitely many closed analytic curves. GT) 


Proor. If M is compact the lemma is trivial. Choose P¢ K and a small 
disc U about P in M\K. In the general case, every P e K is included in a 
conformal disc. Finitely many such discs will cover K. Let D, be the union 
of these discs. By changing the radii of the discs, if necessary, we may assume 
that the boundaries of the discs intersect locally only in pairs and non- 
tangentially. Delete from D, a small disc U in D,\K and call the resulting 
domain D,. Solve the Dirichlet problem with boundary values 1 on ôU, 0 
on oD, (note that D, = D,\Cl1U has a regular boundary). Let D be the 
component containing K of 


{P e D,; u(P) > e > 0}, 


where e < min{u(P); P e K}. The critical points of the harmonic function 
u (the points with du = 0) form a discrete set. By changing e we eliminate 
them from 6D. Thus, the domain D satisfies (3.1.1) -(3.1.3). O 


IV.3.2. Let M be a Riemann surface. We will call M elliptic if and only 
if M is compact (=closed). We will call M parabolic if and only if M is not 
compact and M does not carry a negative non-constant subharmonic 
function. We will call M hyperbolic if and only if M does carry a negative 
non-constant subharmonic function. 


Remark. It is obvious that a hyperbolic surface cannot be compact (by the 
maximum principle for subharmonic functions), and thus we have divided 
Riemann surfaces into three mutually exclusive families. 


IV.3.3. Subharmonic functions on a parabolic surface satisfy a strong 
maximum principle. 


Theorem. Let D be an open set on a parabolic surface M. Let u e C(Cl D). 
Assume u is subharmonic in D. Furthermore, assume there exist m;, m, € R 
such that u < m, on ôD and u < m, on Cl D. Then u < m, on Cl D. 


PROOF. Assume m, > m, (otherwise there is nothing to prove). Choose e, 
0 <€< m, — mı. Define 


max{u,m, +e}—m, inD, 
Fio e o — ii in M\D. 


It is clear that v is subharmonic on M, v < 0. Thus v is constant; that is, 


max{u,m; +e} =m; +e inD. 


180 IV Uniformization 


Hence 
USNs; 


and since € is arbitrary, we are done. LJ 


Corollary 1. Let u be a bounded real-valued harmonic function on an open set D 
ona parabolic surface M. Assume that u e C(C1 D), with mọ = inf{u(P); P € dD} 
and m, = sup{u(P); P € ôD}. Then mp < u < m; (on Cl D). 


Corollary 2. On a parabolic Riemann surface, the Dirichlet problem has at 
most one bounded solution. 


IV.3.4. On hyperbolic surfaces we do not, in general, have uniqueness of 
solutions to the Dirichlet problem. To see this we first establish the following 


Theorem. Let M be a hyperbolic Riemann surface and K a compact subset 
with 6(M\K) regular and M\K connected. Then there exist a function 
w e C(CI(M\K)) such that 


i. œ is harmonic on M\K, 
ii. œ = 1 on 6(M\K), and 
il. O0< w<1lon M\K. 


Remark. We will call the smallest œw as above, the harmonic measure of K. 


PROOF OF THEOREM. Let Wo be a non-constant superharmonic function on 
M with Wo > 0. Let mọ = min(Wo|K) and Y, = Wo/mo. Then y, is super- 
harmonic on M, non-constant, y, > 0 and y; |K > 1. 

We claim there exists Py € ôK such that w,(Po) = 1. Clearly, since K is 
compact we can find such a Po € K. If Po e Int K, then y, is constant on 
the component of K containing Po, and thus also on the boundary of that 
component. Thus we can find a Po € ôK at which y, has the value 1. 

There exists a Qo E€ M\K with w,(Qo) < 1. Otherwise y; > 1 and since 
W,(Po) = 1, this would mean that y, is constant. 

Finally, we set y = min{1,y,}, and note that y is superharmonic on M, 
0<wW<1,W(Qo)<1,W|K =1. 

We define 


F = {v e€ C(C\(M\K)); v is subharmonic on M\K and v < W|(M\K)}. 


The family ¥ is clearly closed under formation of maxima and under 
harmonization. Thus Z is a Perron family on M\K provided it is not empty. 
Clearly, — y € F. However, we have to show that F has more interesting 
functions. 

Choose a domain D2 K with CI D compact, and ôD consisting of 
(finitely many) Jordan curves (this is possible by Lemma IV.3.1). Let vo 
be the solution to the Dirichlet problem on D\K with boundary values 1 on 
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ôK and 0 on ôD. Clearly, 0 < vo < 1 on CI(D\K). Extend vo to be zero on 
M\D and observe that vo is subharmonic on M (by the Corollary to Proposi- 
tion IV.2.2). 

We show that v9 € F. We must verify that vo < y on M\K. Note that 
Vvo — W is subharmonic on M, and vo — y < 0 on dD, and also on M\D. By 
the maximum principle vy — Y < 0 on D because Cl D is compact. Define 

w(P) = sup v(P), P e CI(M\K), 


veF 


then 
o s D 


and in particular œw is harmonic on M\K, and w = 1 on 6K (and also we 
C(CI(M\K))). The function œ is non-constant since (Qo) < W(Qo) < 1. 
Furthermore, 0 < œw < 1 on Cl(M\K) and thus 0 < œ < 1 on M\K. T 


IV.3.5. Important Addition. We can obtain the harmonic measure of K with 
slight modification of the above argument. Set 


F, = {ve F ; v has compact support} 
and define 

@,(P)= sup v(P), P e CI(M\K). 

ve Fı 
Note that F, contains vo and is hence non-empty. Furthermore, œ; has all 
the properties of œ. We claim that w, < @ for all & enjoying the properties 
of the theorem. Consider 
@— v, ve F,. 
Assume that v|M\K’ = 0 for some compact set K’. Thus 
@—v>0 ondo(K'\K) 


(since @ > 0 on 6K’, v = 0 on 6K’; © > v on OK). Hence @ > v on (K\K) U 
(M\K’), and since v is arbitrary © > wm, on M\K. 


Corollary. Let M be a hyperbolic Riemann surface and D a domain in M with 
regular boundary such that M\D is compact. Then we have non-uniqueness of 
solutions for the Dirichlet problem for D. 


Proor. If u is any solution to a Dirichlet problem, then so is (1 — œ) + u, 


where œw is the harmonic measure for M\D. E 


Remark. Any D as above cannot have compact closure in M. If it did, we 
would have a unique solution to the Dirichlet problem for D. 


IV.3.6. Let M be a Riemann surface and P e M. A function g is called a 
Green’s function for M with singularity at P provided: 


g is harmonic in M\ {P}. (3.6.1) 
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g > Oin M\{P}. (3.6.2) 
If z is a local parameter vanishing at P, then 
g(z) + log|z| is harmonic in a neighborhood of P. (3.6.3) 
If ĝ is another function satisfying (3.6.1)—(3.6.3), then g > g. (3.6.4) 
Remark. Condition (3.6.3) is independent of the choice of local parameter 


vanishing at P (that is, the condition makes sense on M). For if ¢ is another 
such parameter, then (with a, # 0) 


C(z) = az + az + °°: 
a2 
= az(1 Fena ) = a,Zf (z), 
1 


where f is holomorphic near z = 0 and f(0) # 0. We write f(z) = #®, with 
h holomorphic near z = 0, and conclude that 


log|¢| = log|a,| + log|z| + Re h(z). 


Since Re h(z) is harmonic, we see that g(z) + log|z| is harmonic if and only if 
g(¢) + log|¢| is. 


A CLASSICAL EXAMPLE. Let D be a domain in C with Cl D compact and 6D 
regular (for example ôD consisting of finitely many analytic arcs). Let zy € D. 
By solving the Dirichlet problem we can find a function y e C(Cl D) such 
that y is harmonic in D and 


, ze ôD. 


y(z) = log|z — zo 
Set 
g(z) = —log|z —zo|+(z), zeD. 


Show that g is the Green’s function for D with singularity at zọ. (The 
proof of this assertion follows the proof of Lemma IV.3.8.) Formulate and 
prove a general theorem so that this example and Lemma IV.3.8 become 
special cases of the theorem. 


EXERCISE 


Let D c C be a domain bounded by finitely many disjoint Jordan curves C,,..., Cp. 
The harmonic measure of C;(j = 1, . . . n) with respect to D is classically defined as the 
unique harmonic function œ; in D that is continuous on Cl D and has boundary values 
k k =1,...,n. Show that this definition makes sense and relate this concept to the 
one introduced in IV.3.4. Show that œw; + +: + œ, = 1 and discuss the properties of the 
(n — 1) by (n — 1) “period” matrix f., *da,. 


IV.3.7. Theorem. Let M be a Riemann surface. There exists a Green’s function 
on M (with singularity at some point P € M) if and only if M is hyperbolic. 
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Proor. Let g be a Green’s function on M with singularity at P. Let m > 0. Set 
f = min{m,g}. Then f is clearly superharmonic in M \{P}. Since g(Q) > +œ 
as Q > P, f =m ina neighborhood of P. Thus f is superharmonic on M. 
Also f > 0. If f were constant, then g > m, and thus g — mwould be another 
candidate for the Green’s function with g — m < g. This contradiction shows 
that f cannot be constant and hence M is hyperbolic. 

Conversely, assume that M is hyperbolic. Let Pe M. Let K be a con- 
formal disc about P with local coordinate z. Set 


F = {v; v is subharmonic in M\{P}, 
v > 0, v has compact support, and 
v(z) + log|z| is subharmonic in |z| < 1}. 
To note that F is non-empty, we define 


Slog 0<|z| <1 
oz) = 0, z| 21, 


and observe that vọ € F. It is easy to see that F is a Perron family (on 
M\{P}). 
We establish now the following 


Lemma. Outside every neighborhood of P, F is uniformly bounded. 


PROOF OF Lemma. Choose r, 0 <r < 1. Let œw, be the harmonic measure of 
{|z| < r}. (It is only here that we use the fact that M is hyperbolic.) Thus œ, 
is harmonic on |z| >r, œ, =1 on |z| =r, and 0 < œ, <1 for zi >r. Let 
2, = max{%,(2); |z| = 1}. Thus 0 < 4, < 1. For u e F, let u, = max{u(z); z = r}. 
We claim 

uo, —u>0 for|z|>r. (3.7.1) 


Clearly u,œ, — u is superharmonic on |z| >r, and u,œ, — u > 0 on |z| =r. 
Let X be the support of u. Then u = 0 on 6.%, and thus (3.7.1) holds on 6%. 
Hence (3.7.1) holds on #\{|z| < r} by the minimum principle for super- 
harmonic functions. Inequality (3.7.1) obviously holds on M\%#. 

Finally, u(z) + log|z| is subharmonic in |z| < 1 and continuous on |z| < 1. 
Thus 


u, + log r = max u + log r < max u + log 1 = max u < u,/, 


lz|=r |z|=1 |z|=1 


(the last inequality is a consequence of (3.7.1)). Thus 


Since u = 0 off a compact set #, we conclude that 


l 
max{u(z); |z| > r} < Try (3.72) sal 
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CONCLUSION OF PROOF OF THEOREM. Set 


KO) = sup u(Q), Qe M\{P}. 
Inequality (3.7.2) implies that g(Q) < co for Q # P. Thus, by Perron’s prin- 
ciple, g is harmonic in M\{P}. The fact that g > 0 on M\{P} follows from 
the corresponding fact that u>0 on M\{P} for all ue F. Since u>0 
implies g >0 on M\{P}. If g(Q)=0 for some QE M\{P}, then g is 
constant. Thus g > 0 on M\ {P}. Next we show (3.6.3). Note that for |z| < r, 
UEF, 


l A, logr 
u(z) + log|z| <u,+logr< aa + logr = i E j 
Thus also 
A,1 
g(2) + loglz| <=" forle <r. 


Hence z = 0 is a removable singularity for the bounded harmonic function 
g(z) + log|z|. 

To finish the proof that g is the Green’s function, let ĝ be a competing 
function satisfying (3.6.1)—(3.6.3). Let u e F. Then the function g — u is super- 
harmonic on M. Since u has compact support, say K’, g — u > 0 on M\K’ 
and by the minimum principle for superharmonic functions also on K’. 
Thus g > u on M\{P}. Thus ĝ > g. (In fact, either ĝ > g or g = g on M\{P}.) 

O 


Remark. We have shown a little more than claimed in the theorem: 


Existence of Green’s function at one point 
4 
Hyperbolic 
4 


Existence of harmonic measures 


Existence of Green’s function at every point. 


We hence define g(P,Q) as the value at Q of the Green’s function (on the 
hyperbolic surface M) with singularity at P. 


IV.3.8. Lemma. Let M be a hyperbolic Riemann surface. Let D be a domain 
on M with Cl D compact and ôD regular for the Dirichlet problem. Let P e D. 
Let u be the unique harmonic function on D with u(Q) = g(P,Q) on ôD. Then 


JD(P,Q) = g(P,Q) — u(Q), QED defines the Greens function for D with 
singularity at P. 


Proor. The function gp is harmonic in D\{P}. Take a small disc A about P 
so that g — u is positive in its interior. Thus by the minimum principle for 
harmonic functions, g — u > 0 on D\{P} since we also have these estimates 
on 6(D\A). Condition (3.6.3) is trivially satisfied. Let ĝ be another candidate 
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for the Green’s function, and let Qo € D\{P}. It suffices to show that 
G(Qo) = Jv(P,Qo) — € 


for all e > 0. For each Q e ôD, there exists a neighborhood Ug of Q in 
Cl D\ {Qo} such that gp < £ on Ug. Set 


QedD 


Then on D\U we have g — gp > —e since we have this estimate on 0(D\U) = 
ôU. In particular, 9(Qo) — gp(P.Qo) = —e. (Intuitively gp is necessarily the 
right choice since it has the smallest possible value on dD, namely 0.) E] 


IV.3.9. Lemma. In addition to the hypothesis of the previous lemma, assume 
that ôD consists of closed analytic arcs, and P, Q € D. We have 


Jp(P,Q) = gp(Q,P), all P,Q €D. 


PrOoF. Let U,, U, be two small disjoint discs about P and Q respectively. 
Let D = D\(U, U U3). For Re D\{P,Q} set 


u(R) = gp(P.R) 
v(R) = gp(Q,R). 


Then by I (4.4.2), 
v= te (u Av — v du) 


ie (u*dv — v *du) 


zs salar (u *dv — v *du). (3.9.1) 


Note that by the reflection principle for harmonic functions, we may assume 
that u and v are C? ina neighborhood of the closure of D. We introduce now a 
conformal disc (U,) at P with local coordinate z = re". In terms of this local 
coordinate, we write 

u(z) = u(z) — logr 


with ŭ harmonic in |z| < 1. Thus 
CF Coe py hee Sahn — cul — 
a u*dv — v *du = ie (ui — logr) *dv — v *d(ŭ — log r) 


= u*dv — v *dň — i (logr)*dv — v *d(log r) 


ôU ı ôU ı 
= ff 4v- vai- f, (lo ea E rA 
= jjo, #40 — v Aŭ su, (08 3 
= ie v(re®) dO = 2nv(0) = 2ngp(O,P). 


Similarly, 
ib u*dv — v*du = — 2ng/(P,Q). lal 
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IV.3.10. Theorem. If M is hyperbolic, then 


g(P,Q) = g(Q,P), all P,Q eM. 


Proor. Fix a point P e M. Consider the collection 2 of all domains D = M 
such that 


TERED. 
2. Cl D is compact, and 
3. ôD is analytic. 


Note that if D; € 2 (j = 1,2), then there is also a De 2 with D, U D, c D. 
Extend each of the Green’s functions gp(P,:) to be identically zero outside D. 
Let 

F = {g,(P,-); De 9}. 


The last corollary in IV.2.2 shows that the functions in ¥ are subharmonic 
on M\{P}. 

Let K be any conformal disc on M\{P}. Let D e 2. Choose D* € 2 such 
that D* > DUK. Thus gp:(P, `) > gp(P, -) and gp-(P, -)|Int K is harmonic. 
Similarly, if D;, D, € 2, we can choose D e 2 with D > D, VU D, and observe 
that gp(P,:) = gp (P,:), j = 1, 2. Thus the family F is a Perron family. By 
Perron’s Principle 


y(Q) = sup {gn(P.Q)}, QeM\{P} 


is harmonic on M\{P}, since 
go(P,°) < g(P,°) 
shows that y(Q) < + œ, all Qe M\{P}. The last inequality also shows that 
y<g(P,-) on M\{P}. 


Since is a competitor for the Green’s function (it clearly satisfies (3.6.2) and 
(3.6.3)), y > g(P,-) on M\{P}. We have thus shown that 


XQ) = (P,Q) = sup tgr(P.Q)}, eM. 
Hence for Q, Pe D 
Inl P,Q) = gn(Q,P) < g(Q,P). 
Now fixing P and taking the supremum over D e 2, we see that 
g(P,Q) < g(Q,P). 


Reversing the roles of P and Q gives the opposite inequality. Thus the 
proof of the theorem is complete. 
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EXERCISE 
Show that the Green’s function is a conformal invariant; that is, if 
I:M7>N 


is a conformal mapping and g is the Green’s function on N with singularity at f(P) for 
some P € M, then g œ f is the Green’s function on M with singularity at P. 


DIGRESSION. Let D be a domain on a Riemann surface M with 6D consisting 
of finitely many analytic arcs. Let us generalize the Dirichlet problem and 
(recall II.4.5) our earlier discussion of the Dirichlet principle. Let Q be a 
2-form which is C? on a neighborhood of the closure of D. (We shall show in 
IV.8 that there is a C” 2-form Q, on M that never vanishes. Thus Q = FQ) 
for some function F e C?(Cl D).) Let f €C(dD). We want to solve the 
boundary-value problem for u e C?(Cl D): 


Au = QQ; 
wo bD = f. 


Let Po € D be arbitrary and assume our problem has a solution u. Let us 
take a conformal disc z centered about Po and let 


D, = D\{|z| < r}, Marz ik 


Apply Formula I (4.4.2) on D, with ọ = u and W =g(Po,°), the Green’s 
function for the domain D. Recall that u = f on ôD and that Ag(Po,°) 
0 on D\{Po} while g(P,-) = 0 on ôD. Thus 


spf * Ag(Po,')— fi, UE) * dg(Po,2) — g(Po,2) * du(z)) = — ff g(Po,) 


Letting r — 0, we see that 


2nu(Po) = — ||, g(Po,)2— fip S *dg(Po). (810.1) 


Conversely, it can be shown that Formula (3.10.1) does indeed provide a 
solution to our problem. 


IV.3.11. Theorem. Let M be a non-hyperbolic Riemann surface. Let D be a 
domain on M with P e D. Let f be a holomorphic function on D\{P}. Then 
there exists a unique harmonic function u on M\ {P} such that 


u — Re f is harmonic in D and vanishes at P, and (3.11.1) 


u is bounded outside every neighborhood of P. (3.11.2) 


Remarks 


1. The theorem should be contrasted with Theorem II. 4.1 (and its com- 
panions). What is important for us is not the more general singularity at P 
that we can produce, but the boundedness statement (3.11.2). 


188 IV Uniformization 


2. If f has no singularity at P, then existence is trivial. We set u = (Re f)(P). 

3. The uniqueness part of the theorem is also quite easy to establish. If u, 
and u, satisfy the conditions for u, then u, — u, is a bounded harmonic 
function on M and hence constant. Since (u; — u2)(P) = 0, u; = u2. 


Before obtaining existence, we must establish some lemmas. 


IV.3.12. Lemma. Let D c C. Let u be harmonic in D and |u| < m. Let P e D, 


then ae 
We =o) 


’ 


||(grad u)p|| < 


with c a universal constant. 


PRooF. First: by grad u we mean the vector (u,,u,), and by its norm we mean 
max{|u,|,|u,|}. Choose r > 0 such that the closed disc of radius r about P 
is contained in D. The function u, is harmonic in D. Thus (without loss of 
generality P = 0), by the mean-value property for harmonic functions 


u,(0) = {i u,(pe'®) dd, Ole pate 


Multiplying both sides by p and integrating from 0 to r we obtain the “areal 
mean-value property” 


PAO = a lik <, Ux dx dy. 


Thus 
1 
Ol 25 [acto 
1 r 
= z |S lr? = y7,9) — u(-VF y, ay 
2 4 
oH a= lle 
Tr nr 
From the above we see that c = 4/z. LJ 


IV.3.13. Lemma. Let {u;} be a sequence of harmonic functions on a domain 
D c C. If {u;} converges uniformly on compact subsets to a function u, then 
{u; xy converges uniformly on compact subsets to u,. 


PROOF. Since the result is local in nature, it involves no loss of generality to 
assume that D is the unit disc and to show uniform convergence on a smaller 
disc. Now choose analytic functions f, such that 


uj=Ref; and f(0)=u,(0). 
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Formula (1.2.1) shows that f; converges uniformly to f (similarly constructed). 
Thus fj converges uniformly to f’ (on any compact disc) and since 


we are done. E 


EXERCISE 


Reprove the above lemma using the methods and result of Lemma IV.3.12. 


IV.3.14. Lemma. Let {u;} be a uniformly bounded sequence of harmonic 
functions on a Riemann surface M. Then there exists a subsequence converging 
uniformly on compact subsets of M. 


ProoF. If D is a closed disc contained in M, then the sequence { f;} con- 
structed in the proof of the previous lemma is uniformly bounded on the 
closure of any smaller disc Do and thus contains a subsequence converging 
uniformly on Do. The same holds for the sequence {u;}—the real part of 
the sequence { f;}. If M were second countable (it is—but we have not yet 
established this) the general result follows by a “diagonalization” procedure 
to be described in detail in [V.3.16. For the present we can use t’ e lemma 
only for surfaces we know to be second countable. = 


IV.3.15. Lemma. Let M be a non-hyperbolic Riemann surface, and K a con- 
formal disc. Let u be a bounded harmonic function on M\K. Assume that u is 
Ct on Cl(M\K). Then 


ile ‘di = 0. 


ProoFr. Without loss of generality we may assume (by adding a constant) 
that u> 0 on M\K. Let z be the local coordinate corresponding to K so 
that 6K = {|z| = 1}. Since 


fi, "du = lim *du, 


pit |z|=p 


it suffices to assume that u is harmonic in {|z| > r}, r < 1 and to show that 


Serau = 0. 


Let 2 be the collection of all domains D such that K cc D cc M and ôD 
is analytic. Let up be the solution to the Dirichlet problem on Cl(D\K,) with 
Up |OK, = u|ôK, and up|ôD = 0, where K, = {|z| < r}. Extend up to be zero 
outside D. Let 


and 
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The reasoning in Theorem IV.3.10 shows Z is a Perron family on M\Cl K,. 
For every D € 2, up < u; hence y < u. Now u — y is a bounded harmonic 
function on M\Cl K,. By Theorem IV.3.3, the maximum and minimum of 
this function occur on 6K,. Thus u = y. We have shown that 

u= lim up = sup úp on {|z| >r}. 

De@ De@ 

Let wp be the solution to the Dirichlet problem on Cl(D\K,) with @p|6K, = 1 
and wp|dD = 0. Then (as a special case of the previous argument) 

Man a = sup. a@,=—1 on {|z| =r}. 

De 2 De 2 
Now note that by the reflection principle, up and œp have harmonic exten- 
sions (which we do not use) across ôD. It thus follows that *dup and *dwp 
are defined and smooth on CI(D\K,). 

Now use the remark following Perron’s principle (IV.2.6), and choose 

sequences of domains {D®} c 2, {DP} c 2, such that 


u = lim Up), 1 lim Mp), 
j i 
uniformly on a neighborhood of ôK = {|z| = 1}. Choose D,€@ such that 
D; > D® U DP. Then u = lim; up, 1 = lim; @p, uniformly on a neighbor- 


hood of ôK. Further, the functions involved are all harmonic in this 
neighborhood. Finally, 


= ae ze * e * 
0= ffon, dun, up, don) = [yy p(n, dup, — Up, *dwœp,) 


= — sx dU; — u*dap)). 


By Lemma IV.3.13. this last integral converges to — fsx *du. LJ 


IV.3.16. Proof of Theorem IV.3.11. Choose a local parameter z vanishing 
at P. We may assume that {|z| < R} c D with R > 1. Let 0 < p < 1. Let u’ 
be the solution to the Dirichlet problem on M\{|z| < p} with u”|{|z| = p} = 
Ref|{|z| = p}. We claim that there is a constant c(r)—independent of p—such 
that forO<p<r<l, 


[u?| < c(r) for |z| > r. (3.16.1) 


It suffices to verify (3.16.1) on {|z| = r}. 
Now, Lemma IV.3.15 implies that 


Maadui =0, forp<t<R. 
Thus we can define a holomorphic function F” on {p < |z| < R} by choosing 
Zo with p < |zo| < R and setting 

F(z) = u” (zo) + f$ (du? + i*du’. 
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We know that Re F(z) = w°(z), p < |z] < R. Now both F? and f have 
Laurent series expansions on p < |z| < R, say 


Thus, taking real parts, we obtain (after changing the names of the constants 
in the Fourier series) for z = te"? 


a6 


uP(te®) — Re f(te®) = — + } (aht" + a? ,„t™”) cos nO 
n=1 


+ }° (pet" + Br ,t~") sin nO. (3.16.2) 
n=1 


Multiplying (3.16.2) by cos kô or sin kô and integrating from 0 to 2r, we 
get (for p < t < R) 


~ SE elte”) — Re f(te'®))d0 = af. 


= [2" (Wte) — Re flte") cos kO dA = aft! + oh,  k=1,2,..., 
TU 
: f e) Ake f(te®)) sinkado = perk + peyt-*, k=1,2,.... 
TT 


(3.16.3) 


We first use each of the above equations for t = p (u”(pe®) = Re f(pe®)) to 
Obtain (k= 1323.0...) 


ee = 0; 
a? = —p7*ae, (3.16.4) 
pe,=e p7* BR. 
We let 
m = sup{|f(z)|; |z| = 1}, 
m(p) = sup{|u"(2)|; |z| = 1}. 


Using Equation (3.16.3) for t = 1, we obtain 
lag + a? ,| < 2(m(p) + m), 
Be + B| < 2(m(p) + m). 
Combining the above result with (3.16.4) we have: 
lag||1 — 0?*| < 2(m(p) + m), 


IBR] |L — p?*| < 2(m(p) + m); 
and for p <3: 
lag] < 4(m(p) + m), 


\Be| < 4(m(p) + m). 
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Also with the same restrictions on p: 
la| < 4(m(p) + m)p*, 


|B? | < 4(m(p) + m)p?* 
Thus (using (3.16.2)) 


2n 
max u’ = c(r rp) < max |Re f| + 8 z onlo) + m) (1 +2) 


lz|=r |z|=r n=1 


Since p?/r < r, we conclude that 


c(r,p) < max |Re f| + 16(m(p) + ers (3.16.5) 
| 


zl=r 
To finish verifying our claim (that c(r,o) = c(r)) we must show that m(p) is 
bounded independently of p. Now 


m(p) = max |u?| < max |u?| = c(r,p) 
|z|=1 |z|=r 


(by the maximum principle). 
Thus by (3.16.5) 


m(p) < max |Re f| + 16m(p)—— + 16m 
|z|=r 


7 
ae En 


Choose r small so that r/(1 — r) = q < 1x (for example, r < +). Hence, we 
have 


1 
16q (max Re f| + 16m iS) < cr), 


We have now verified (3.16.1) as well as the following estimates (by adjusting 


c(r)) 


m(p) < fas 


|ag| < e(r), ee Eda a ES D 
We now let A be the annulus 
= {r <|z| < 1}, p<r<. 
The set of harmonic functions 
furs port 


is uniformly bounded in A (actually in {|z| > r}). Thus we can choose a 
sequence converging uniformly on A. By the maximum principle this se- 
quence converges uniformly on {|z| > r} and the limit function is harmonic. 

Let us choose now a decreasing sequence of radii r; > 0 and the cor- 
responding annuli Aj. Let {p;,p2,...} be a sequence wath 


Risers, 2a 
pj<r;, Puar oe 
and 
lim u% =u on {|z| > r}. 
k 
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We relabel {p;,92,03,...} aS {P11,P12,P13,--.}. Now we can choose a sub- 
sequence {)21,P22,P23,---} Of {P11,P12,013,.-.} So that u”? converges uni- 
formly to uon {|z| > r2}. By induction the sequence Woe inh Sri oe rere ere 
satisfies 
Pj-1,1 > Pj-1,2> °°"; 
Piatt Tis Kisst lard, Se 
and 
lim wy ON {Z| ra ke 


So we can choose a subsequence 


E E E E a5P yas. 
so that 


lim u?* =u on {|z| > 7;}. 
k 


We now let uy = py, (the “diagonalization” procedure) and observe that uy 
is a decreasing sequence of positive real numbers with py, < r, such that 


lim u“* =u uniformly on {|z| > r} for all r > 0. 
k 


Note that 
(u — Re f)(te®)= Y} (a, cos nO + B, sin n6)t" 
n=1 
with 
0, = sm oO; be = line pi 
p -o0 PO 


(im 2, = 0 = lim pn) LOE 
p>0 p>0 


Thus, in particular, taking subsequences was completely unnecessary by 
the uniqueness part of our theorem. O 


IV.3.17. As we saw in II.5, existence of harmonic functions already implies 
the existence of meromorphic functions. 


Theorem. Every Riemann surface M carries non-constant meromorphic 
functions. 


Proor. Let P;e M for j = 1,2 with P, # P2. Let zj be a local coordinate 
that vanishes at P;. We consider two cases: 


M is hyperbolic. Let u; be the Green’s function with singularity at P;. Let 
z =x + iy be an arbitrary local coordinate on M. Then 
Ups Wy, 


ọ(z) = 
Ur, ESE U2, 
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defines a meromorphic function with a pole (of order > 1) at P, and a zero 
(of order >1) at P}. 


M is elliptic or parabolic. Choose u; harmonic on M\{P,} such that 
1 
u; = Re — + y;(z)) 
25 


with y; harmonic in a neighborhood of zero. Define ¢ as before. This time 
ordp, p < —2 and ordp, g 2 2. E 


IV.3.18. Theorem IV.3.17 has many consequences. 
Corollary 1. On every Riemann surface M we can introduce a C”-Riemannian 


metric consistent with the conformal structure. 


Proor. Let f be any non-constant meromorphic function on M. Let 

{P,,P2,...} be the set of poles and critical values (those P e M with df(P)= 

0) of f. Let z; be a local coordinate vanishing at P, with the sets {|z,| < 1} 

all disjoint. Let0 <r, <r, <1 and let œw; be a C” function with 0 < œ; < 1, 
o;=1 on{|z)'<7;} and @,=0 on {|z) S75}. 


Define arc length ds by 


ds? = wef - Zos) + F oaz? T 


J 


Remark. We shall (see IV.8) be able to do much better. We shall show that the 
metric may actually be chosen to have constant curvature. 


Corollary 2. Every Riemann surface is metrizeable. 
Corollary 3. Every Riemann surface has a countable basis for its topology. 
Corollary 4. Every Riemann surface may be triangulated. 


While it is possible to prove the last two corollaries at this point, we shall 
delay the proof until after IV.5 when we will be able to give shorter proofs. 


IV.4. The Uniformization Theorem 
for Simply Connected Surfaces 


The Riemann mapping theorem classifies the simply connected domains in 
the complex sphere. It is rather surprising that there are no other simply 
connected Riemann surfaces. Our development does not require the Riemann 
mapping theorem, which will be a consequence of our main result. 
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IV.4.1. Our aim is to prove the following 


Theorem. Let M be a homologically trivial (H,(M) = {0') Riemann surface. 
Then M is conformally equivalent to one and only one of the following three: 


PRERSR Veo 


o S 


> 


c. A= {ze C; |z| <1}. 
These correspond to the surface M being 


a. elliptic, 
b. parabolic, 
c. hyperbolic. 


Of course, C U {00} is not even topologically equivalent to either of the 
other two, and C and A are conformally distinct by Liouville’s theorem. The 
fact that these three cases are mutually exclusive will also follow from our 
proof of the theorem, and the fact that the types (elliptic, parabolic, hyper- 
bolic) are conformal invariants. 


IV.4.2. We recall the machinery introduced in II.9. Let M be an arbitrary 
Riemann surface. Let P e M. Denote by Op(M) the germs of holomorphic 
functions at P e M. Let 


O(M)= |] OM) 


PeM 


denote the sheaf of germs of holomorphic functions. This space is given a 
topology and conformal structure as in III.9. The natural projection 


proj = 7:0(M) > M 
is holomorphic and locally univalent. Similarly, we define the sheaf of germs 


of meromorphic functions on M, M(M). 


Theorem. Let o be a discrete set on a Riemann surface M. Let u be a harmonic 
function on M\o and assume that for each P e M, there is a neighborhood 
N(P) and a meromorphic function fp defined on N(P) with either 


a. log |fp| =u on N(P) ^ (M\o), or 
b. Re fp=u_ on N(P) A (M\o). 
Take any fp, as above, and let p E€ Mp, be the germ of fp, at Po € M. Then 


i. ọ can be continued analytically along any path in M beginning at Po, and 
ii. the continuation of @ along any closed path (beginning and ending at Po) 
depends only on the homology class of the path. 


Remark. The hypothesis ((a) or (b)) is automatically satisfied on M\o. 
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PROOF OF THEOREM (The proof is almost shorter than the statement of the 
theorem and has implicitly been established in the section on multivalued 
functions.) Let c:[0,1] + M be a continuous path with c(0) = Po. Let 


0 = {t e [0,1]; pọ can be continued along c, = c|[0,t]}. 


It is easy to see that 0 is non-empty (0 € 0), open (without any hypothesis), 
and closed (by use of (a) or (b)). Note also that the analytic continuation 
satisfies (a) or (b). 

Let c be a closed path beginning at Po. Let g, be the continuation of @ 
along c. Then, assuming hypothesis (a), we have 


log|p| = u = log|g,| near Po. 
Thus there is a y(c) e C, 


x(c)| = 1, such that 
w =x(c)g_ near Po. (4.2.1) 


Since p, depends only on the homotopy class of c, y determines a homo- 
morphism 
4:7,(M,Po) > S? 


from the fundamental group of M (based at Po) into the unit circle (viewed 
as a multiplicative subgroup of C). Since S' is a commutative group, the 
kernel of y contains all commutators and thus y determines a homomorphism 
from the first homology group 


x: H,(M) > S'. (4.2.2) 
In case (b), (4.2.1) is replaced by 

P1 = + ix(c) 
with y(c) € R, and (4.2.2) is replaced by a homomorphism 

y:H,(M)-R. LJ 


Corollary. Let M be a Riemann surface with H ,(M) = {0}. Let o be a discrete 
subset of M, and u a harmonic function on M\o. If u is locally the real part 
(respectively, the log modulus) of a meromorphic function on M, then u is 
globally so. 


IV.4.3. As an application of the above corollary we establish the following 


Proposition. Let D be a domain in the extended plane C U {œ} = S? with 
H ,(D) = {0}. Then D is hyperbolic unless S*\D contains at most one point. 


Remarks 


1. The two sphere $? is of course elliptic. If S?\D is a point, then (via a 
Mobius transformation) D = C. The plane C is parabolic. (Prove this 
directly. This is also a consequence of Theorem IV.4.5.) 
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2. The proposition can be viewed as a consequence of the Riemann mapping 
theorem. It can also be obtained by examining any of the classical proofs 
ofthe Riemann mapping theorem. The proposition together with Theorem 
IV.4.4, imply the Riemann mapping theorem. 


PROOF OF PROPOSITION. Say S°\D contains 2 points. By replacing D by a 
conformally equivalent domain, we may assume that S*\D contains the 
points 0, co. 

We now construct a single valued branch of \/z on D. Observe that 
4 log|z| is a harmonic function on D. Thus there exists a holomorphic func- 
tion f on D with 


log| f(z)| = 4 log|z|, ze D. 
Thus 
log| f(z)|? = log|z|, END 


and there is a 0 e R 
Set 


Then 
A =z; zeD. 


Let ae D and g(a) = b. We claim that g does not take on the value —b 
on D. For if g(z) = —b, then z = g(z)? = b? = g(a)? = a. This contradiction 
shows that g misses a ball about —b (using the same argument—since g 
takes on all values in a ball about b). We define a bounded holomorphic 
function 

1 


MA = 7 ae ID, 
7 g(z) + b 


Since D carries a non-constant bounded analytic function, it is hyperbolic. 


0O 


IV.4.4. Theorem. IfM is a hyperbolic Riemann surface with H ,(M) = {0}, 
then M is conformally equivalent to the unit disc A. 


PRooF. Choose a point P e M. Let g(P,-) be the Green’s function on M with 
singularity at P. The function g(P,-:) satisfies the hypothesis (a) of Theorem 
IV.4.2. The only issue is at P. Let z be a local coordinate vanishing at P. 
Then g(P,z) + log|z| = v(z) is harmonic in a neighborhood of z = 0. Choose 
a harmonic conjugate v* of v, write f = e” +*™*. Then 


g(P,z) + log|z| = Relog f(z) = log| f(z)|, near 0, 


f(z) 


> 
“a 


Or 


we ticar 0, 


g(P,z) = log 
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By Corollary IV.4.2, (applied to —g(P,:)) there exists a meromorphic 
function, f(P,:) on M such that 


log| f(P.Q)| = TIRO) all Q e M. 


The function f(P,-) is holomorphic: For Q + P, g(P,Q) > 0, thus | f(P,Q)| < 1. 
By the Riemann removable singularity theorem, f(P,:) extends to an analytic 
function on M — that is, to the point P. Furthermore, 


f(P,P) = 0, {(P:0) # 0 for OAR: (4.4.1) 


We want to show that f(P,-) is one-to-one and onto. 
Let R, S, Te M with R and S fixed and T variable. Set 


ir) = LES) = SRT) 
Paa ea RSR: 


Since g is f(R,:) followed by a Möbius transformation that fixes the unit 
disc, g is holomorphic, (S) = 0, and 


lo(T)|<1, TemM. 


Let ¢ be a local parameter vanishing at S. We may assume that ¢ maps a 
neighborhood of S onto a neighborhood of the closed unit disc. Then 


oO =al"(1+a,0+a0?7+..., n2=1,a40. 
Set 


1 
u(T)= ny log|p(T)|. 
Then u is harmonic and >0 except at the (isolated) zeros of œ. Also 


1 
ee log|p(¢)| + log|<¢| 


is harmonic for ¢| small. Let v e F, where F is the family of subharmonic 
functions defined in the proof of Theorem IV.3.7, with P replaced by S 
(and z by ¢). Let D be the support of v, and Dy be D with small discs about 
the (finite number of) singularities of u deleted such that u — v > 0 on (D\Do). 
By the maximum principle u > v on Do. Hence, on M\ {S}. We conclude that 


1 
a log|9(T)| = u(T) > sup v(T) = g(S,T) 


= —log|f(S,T)|, 
or 
|o(T)| < |p(T)|"" < | f(S,T). (4.4.2) 
Setting T = R, we get (by (4.4.2)) 


|f(R,S)| < | f(S,R)| 
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or (since R and S are arbitrary) 


| f(R,S)| = | f(S,R)]. 


Remark. The above equality also follows from the symmetry of the Green’s 
function (Theorem IV.3.10). 


CONTINUATION OF PROOF OF THEOREM. We consider once again a holo- 
morphic function of T, mapping M into the closed unit disc, namely h(T) = 
0(T)/f(S,T). By (4.4.2), 

|A(T)| <1, 
and since 


(R) |_| f(R,S)— ARR) 1 
RR) |e 
gra aA (R,R) 


p ges K 
J(S,R) 


Í; 
we conclude that 


Q(T) =xf(S.T), EC h= 


We rewrite the above equation as 


POE R 


and deduce that 
F(R,S) = f(R,T) <> f(S,T) = 0S =T. 


We have shown that f(P,-) is an injective holomorphic function of M into A. 


Remark. If we are willing to use the Riemann mapping theorem, there is 
nothing more to prove. 


CONCLUSION OF PROOF OF THEOREM. We shall show that f (P,-) is onto. Let 
a? € A with a? ¢ Image f(P,-). Since f(P,P) = 0, a? £0. Let us abbreviate 
f(P,:) by f. Since f(M) is homologically trivial, we can take a square root 
(as in IV.4.3) of a non-zero holomorphic function defined on f(M). Let 


aie ia 
ae 
eee see 2a as 


2 


2 Zz ess), 


ieam de e 
az 


where we choose that branch of the square root with ,/—a? = ia. Now 

1 + |al? 
2ja| 

h(z)<1 for ze f(M). 


h(0)=0, — |h'(O)| = if 


(4.4.3) 
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We now define 


F(Q)=h(f(Q)), QeM. 


Then F is a holomorphic function of M into 4 with a simple zero at P and 
no other zeros. Thus —log |F| is a competing function for the Green’s 
function and we have 


|F(Q)| < | f(Q)|. 


f 


or 


Hence we conclude that 


h(z) 
7 


<1 for |z| small, 


and 
|h'(0)| <1 


contradicting (4.4.3). LJ 


IV.4.5. Theorem. Let M be a Riemann surface with H,(M) = {0}. If M is 
compact (respectively, parabolic), then M is conformally equivalent to the 
complex sphere, C U {co} = S? (the complex plane, C). 


Before proceeding to the proof of the theorem, we must establish some 
preliminary results. 


IV.4.6. Lemma. Let D be a relatively compact domain on a Riemann surface 
M and P, € D. Let f be a meromorphic function on Cl D whose only singularity 
is a simple pole at Py. Then there is a neighborhood N of Po such that for any 
One N, 

F(Q) # F(Qo), all Qe D\{Qo}. 


Proor. There is a neighborhood No of Po such that f|No is injective. Let 
Mo = MAXpegp\c1 No) {|J (P)|} and let m, > mo be so large so that {|z| > m,} 
is contained in f(No). Let N =f '({z eC, |z| > m,}) = No. Then 


|f(Q)|<m, on D\CIN 
|f(Q)|>m, onCIN. g 


Corollary. Let M be a parabolic or compact Riemann surface. Let Po € M. 
Assume that f e X (M) with ordp, f = —1, f is holomorphic on M\{ Po} and 
f is bounded outside some relatively compact (therefore, outside every) neigh- 
borhood of Po. Then there exists a neighborhood N of Po such that for any 
QEN, 

f(Q) # f(Qo), all Q € M\{Qo}. 
ProorF. This is actually a corollary of the proof of the lemma, using the fact 


that under the hypothesis, a bounded analytic function assumes its bound 
on the boundary (Theorem IV.3.3). O 
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IV.4.7. Lemma. Let M be a parabolic or compact Riemann surface with 
H (M) = {0}. Let Po € M. There exists a function f e X (M) with ordp, f = — 1 
that is bounded outside every neighborhood Of Po: 


PROOF. Let z be a conformal disc at Po. By Theorem IV.3.11, there exists 
a function u that is harmonic and bounded outside every neighborhood of 
Po and such that 


is harmonic in a neighborhood of z = 0, and vanishes at z = 0. By the corol- 
lary to Theorem IV.4.2, there exists a function f holomorphic on M\{Po} 
with 

f =u + iv, 


f(z) — 1/z holomorphic near z = 0 and (f(z) — 1/z) vanishes at 0 (for some 
harmonic function v on M\{Po}). Similarly, there exists a holomorphic 
function f on M\{ Po} 


f=i+is, 


|z| bounded outside every neighborhood of Po, and f(z) — i/z is holomorphic 
near z = 0 and it vanishes at zero. We want to prove that |v] is bounded 
outside every neighborhood of Py. We shall show that f = if (thus v = ii), 
which will conclude the proof. 

Choose m > 0 so that 


\u(z)| < m, a< m on {|z| = 1}. 


Thus, also on {|z| > 1}. It involves no loss of generality to assume that J 
and f are one-to-one on {|z| < 1}. Choose Qo with 0 ¥ z(Q) =z) and 
|Zo| < 1 such that |u(Qo)| > 2m and |#(Qo)| > 2m. 

Define 


1 
JOLE QeM. 


aXe) = ~ FQ) —F(Qo)’ 


1 
F) — f(Qo)’ 


The functions g and g are holomorphic on M\{Qo}. Furthermore ordo, g = 
—1=ordg, g. We claim that these two functions are bounded outside every 
neighborhood of Qo. It suffices to show that they are bounded outside 
{|z| < 1}.Now for |z(Q)| > 1, 


1 i 1 
Q) — u(Qo))? + (v(Q) — v(Qo))? ~ m?’ 


2 = 
aoia 
and similarly 


1 
ID Sa 
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The Laurent series expansions of g and ĝ in terms of z — Zp are 


g(z) = + ao + a(z — Zo) + 7°" 


@ 
(z — Zo) 


~ 


g(z) = ar A SF a,(z m Zo) ar S 


= Zo) 


Thus ĉg — cg is a bounded holomorphic function on M and thus constant. 
In particular f is a Möbius transformation of f. Thus 


jja ee x 
fQ)= aô — py #0. 
Sones F 
Setting Q = Po, we see that y = 0 (we may thus take 6 = 1) and thus (because 
we know the singularity of f and f at Po) f = if. o 


IV.4.8. Proof of Theorem IV.4.5. Let Pe M. A function g e X (M) will be 
called admissible at P provided 


g e H(M\{P}), (4.8.1) 
ordp g = — 1, and (4.8.2) 
g is bounded outside every neighborhood of P. (4.8.3) 


We have seen that there exist functions admissible at every point P and 
that any two such functions are related by a Möbius transformation. 


Assertion: Given f admissible at P and g admissible at Q € M, then there 
exists a Möbius transformation L such that g = Lo f. 


PROOF OF ASSERTION. Fix P e M, and a function f admissible at P. Let £ c 
M be defined by 


= {Q e M; g admissible at Q =g = Lo f, for some 
Möbius transformation L}. 


The set X is non-empty because P € X. Let Qo € X. Let go be admissible 
at Qo. Thus go = Lo ° f, for some Möbius transformation Lọ. Choose a 
a neighborhood N of Qo such that every value gy taken on in N is not as- 
sumed in M\N. Let Q, €e N, Q, # Qo. Then 


1 
gı(Q) = = (L; ° go)(Q), QeM, 


9o(Q) — Jol(Q1) 
is admissible at Q,. If g is admissible at Q,, then g = L,°g, = L; ° Li ° go = 
L, ° L, ° Lo ° f. Thus X is open. Similarly (by exactly the same argument), 
2 is closed in M, and thus 2 = M. 


Assertion: Every admissible function is univalent. 
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PROOF OF ASSERTION. Let f be admissible at Po. Thus f(P,) = œ. Assume 
J(P,) = f(P;). Choose g admissible at P, and a Möbius transformation L 
such that f = Lo g. Thus L(g(P,)) = L(g(P2)). Since L is univalent, œ = 
g(P,) = g(P3). Thus P, = P, since g is by hypothesis admissible at Re 


CONCLUSION OF Proor. Choose an admissible 
fi CO oor, 


If M is compact, then f is also surjective (and conversely). Thus if M is para- 
bolic, f(M) omits at least one point. Following f by a Möbius transformation 
L, we may assume L o f(M) c C. If L o f(M) & C, then L © f(M) (and hence 
M) would be hyperbolic. = 


Remark. We have now established Theorem IV.4.1. This is a major result 
in this subject. 


IV.5. Uniformization of Arbitrary 
Riemann Surfaces 


In this section we introduce the concept of a Kleinian group and show how 
each Riemann surface can be represented by a special Kleinian group— 
known as a Fuchsian group. These “uniformizations” will involve only fixed 
point free groups. More general uniformizations will be treated in IV.9. 


IV.5.1. Let G be a subgroup of PSL(2,C) (that is, G is a group of Möbius 
transformations). Thus G acts as a group of biholomorphic automorphisms 
of the extended plane C U {oo}. Let z7 eC u {00}. We shall say that G acts 
(properly) discontinuously at z) provided 


the isotropy subgroup of G at ae 


Sat 
G,, = {9 € G; g(Zo) = Zo}, is finite, ( ) 
and 
there exists a neighborhood U of Zo Such that 
g(U)=U forge G» 
and 
MOa U= forge GiGys (S112) 


Denote by 2(G) (=Q) the region of discontinuity of G; that is, the set of 
points zọ € C U {co} such that G acts discontinuously at zo. Set 


A = A(G) = C u {co}\Q(G), 
and call A(G) the limit set of G. 
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It is immediately clear from the definitions that Q is an open G-invariant 
(GQ = Q) subset of C. If Q # Ø, we call G a Kleinian group. 

From now on we assume that G is a Kleinian group. Since Q is open in 
C U {co}, it can be written as a union of at most countably many components. 
We say that two components D and D are equivalent if there is a g € G such 
that gD = D. If 2 contains a component 4 which is G-invariant, then G is 
called a function group. In general, let 


Ce 


be a maximal set of non-equivalent components of Q. It is clear that (as point 
sets) the orbit spaces 
Q/G and @ 2,/G; 
j 
are isomorphic, where (the stabilizer of Q;) 
G; = {g € G; gQ; = Qj). 
It follows from our work in III.7.7 that each Q,/G; is a Riemann surface and 


that the canonical projection Q; > Q;/G; is holomorphic. Thus 22/G is a 
(perhaps countable) union of Riemann surfaces with the projection 


17:2 > Q/G 
holomorphic. 


IV.5.2. Proposition. If G is a Kleinian group, then it is finite or countable. 
Proor. Choose z € 2(G) such that G, is trivial. Then 
(9(z); g € G) 


is a discrete set in Q. Hence finite or countable. But this set has the same 
cardinality as the group G. E 


IV.5.3. Since SL(2,C) inherits a topology from its imbedding into C$, 
PSL(2,C) = SL(2,C)/+I is a topological group. A group G c PSL(2,C) is 
called discrete if it is a discrete subset of the topological space PSL(2,C). 
It is obvious that 


Proposition. Every Kleinian group is discrete. 


The Picard group 


Tob 
G= au ad — bc = 1 and a,b,c,d € zta} 
cz+d 


shows that the converse is not true. 


IV.5.4. A Kleinian group G is called Fuchsian if there is a disc (or half 
plane) that is invariant under G. 
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Theorem. Let Gc Aut A, 4 = unit disc. The following conditions are 
equivalent: 


a. Á c Q(G), 
b. A A Q(G) £ Cay 
c. G is discrete. 


PROOF. (a) = (b): This implication is trivial. 
(b)= (c): Assume that G is not discrete. There then exists a distinct 
sequence {g,} < G such that 
Gn 9 
with g e Aut A. Thus also 


ae 
(as is easily verified using the matrix representation of elements of PL(2,C)). 
Consider 


hn = grei ° Jn, n= il 2 Dice Onc 


The sequence {h,} contains an infinite distinct subsequence and h, > 1. 
Thus h,(z) > z, all z e A, and 4 A Q(G) = A: 

(c) = (a): If the group G is not discontinuous at some point Zo € A, then 
there is an infinite sequence of points {z,}, n= 1,2,..., in A equivalent 
under G to zo and which converges to Zo. Choose g, € G with g,(z,) = Zo. 
Consider the element A, € Aut 4 defined by 


ANG ady Bed wn OF 1 es 


> 
á 


i 


and set for PSR 
Cn = Anti? Gnt1° 9n° An 
Since C,(0) = 0, we conclude from Schwarz’s lemma that 
Cg: lA, =Í 


Thus there is a subsequence—which may be taken as the entire sequence—of 
{Cn} that converges to Co (where Co(z) = 292). Since A, > Ao, we see that 
h, = Gnv1° Jn > A0 ' ° Co ° Ao. Since the {z,} are distinct, so are the {gn}, 
and hence also the {h,}. o 


Corollary. If G is a Fuchsian group with invariant disc D, then A(G) < OD. 


PROOF. The exterior of D is also a disc invariant under G. Since G is a Kleinian 
group, it must be discrete. Hence, both D and the exterior of D are subsets 
of O(G). O 


Before proceeding to our main result, we need a 


Definition. A Kleinian group G with A(G) consisting of two or less points 
is called an elementary group. 
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IV.5.5. Let M be an arbitrary Riemann surface. We let M be its universal 
covering space. Let K 

n:M >M 
be the canonical projection, and G the covering group; that is, the group 
of topological automorphisms g of M for which the following diagram 
commutes: 


M — M 


aa 


M 


Of course, since z is a normal covering, G = 7,(M). Furthermore, G acts 
properly discontinuously and fixed point freely on M. Since z is a local 
homeomorphism, it introduces via the analytic structure on M, an analytic 
structure on M. With this analytic structure, G becomes a group of conformal 
automorphisms of M; that is, a subgroup of Aut M. 


IV.5.6. Theorem IV.4.1 gave us all the candidates for M; that is, all the simply 
connected Riemann surfaces: C U {oo}, C or A = U = {z e C; Im z > Of. 
Each of these domains has the property that its group of conformal auto- 
morphisms is a group of Möbius transformations z + (az + b)/(cz + d). In 
fact: 
Aut(C u {co}) = PSL(2,C), 
Aut E = Paz. ©). 
Aut U = PSL(2,R). 


(By PA(2,C) we mean the projective group of 2 x 2 upper triangular complex 
matrices of non-zero determinant.) We have hence established the following 
general uniformization 


Theorem. Every Riemann surface M is conformally equivalent to D/G with 
D = C u {æ}, C, or U and G a freely acting discontinuous group of Mobius 
transformations that preserve D. Furthermore, G = n,(M). 


Remarks 


1. We will see in IV.6 that for most Riemann surfaces M, M = U. 
2. At this point, it is quite easy to give alternate proofs of Corollaries 2-4 
in IV.3.18. A stronger form of Corollary 1 will be established in IV.8. 


IV.5.7. If M = U, then the group G is, of course, a Fuchsian group. IfM = C 
or C U {œ}, then G can have at most one limit point (G acts discontinuously 
on C). Thus we have established the following 


Theorem. Every Riemann surface can be represented as a domain in the plane 
factored by a fixed point free Fuchsian or elementary group. 
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IV.5.8. A Riemann surface M will be called prolongable if there exists 
a Riemann surface M’ and a one-to-one holomorphic mapping f:M > M' 
such that M’\ f(M) has a non-empty interior. 

Compact surfaces and those obtained from compact surfaces by omitting 
finitely many points are clearly not prolongable. We shall see (trivially) 
in the next section that those Riemann surfaces that can be represented as 
C/G with G a fixed point free elementary group are not prolongable. For 
the Fuchsian case, we need the following 


Definition. Let G be a Fuchsian group leaving invariant the interior of the 
circle C. The group G is called of the second kind if A(G) & C. If A(G) = C, 
G is called of the first kind. 


Theorem. Let G be a fixed point free Fuchsian group acting on U. Then 
U/G is prolongable if G is ofthe second kind. 


ProoF. If G is of the second kind, then Q(G) is connected and the complement 
of U/G in Q/G certainly contains L/G, where L is the lower half plane. O 


Remark. The theorem thus shows that compact surfaces are uniformized 
by groups of the first kind. 


EXERCISE 


Formulate and prove a converse to Theorem IV.5.8. 


IV.6. The Exceptional Riemann Surfaces 


The title of this section is explained by Theorem IV.6.1. The same surfaces 
will reappear in V.4. 


IV.6.1. The fundamental groups of most Riemann surfaces are not com- 
mutative. The exceptions are listed in the following 


Theorem 


a. The only simply connected Riemann surfaces are the ones conformally 
equivalent to C U {00}, C, or A = {ze C, ewe 

b. The only surfaces with n,(M) = Z are (conformally equivalent to) C* = 
C\{0}, 4* = A\{0}, or 4, = {ze C37 <|z]<1},0<r<1. 

c. The only surfaces with n,(M) = Z ®Z (the commutative free group on 
two generators) are the tori C/G, where G is generated by zz + 1 and 
zZ>z+7,Imt>0. 

d. For all other surfaces M, 2,(M) is not abelian. 


The remainder of this section is devoted to the proof of this theorem. 
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IV.6.2. Let A be a Möbius transformation, A #1. Then A has one or 
two fixed points. If A has one fixed point, it is called parabolic. We write 
A(z) = (az + b)/(cz + d), ad — bc = 1. Then 


trace? A = (a + dY 


is well defined. It is easy to check that A is parabolic if and only if trace? A = 4. 
The element A is called elliptic if trace? Ae R and 0 < trace? A < 4. It is 
called loxodromic if trace? A ¢ [0,4] = R. A loxodromic element A with 
trace? A > 4 (we are assuming here that trace? A € R) is called hyperbolic. 

Let A be parabolic with fixed point zọ € C U {%0}. Choose C Möbius such 
that C(zo) = œ. Thus C o A o C7 !(00) = œ and hence D = Co A o CIR 
the form D(z) = az + b with a #0. Since A is parabolic, so is D. Hence 
a = 1. We conclude A is parabolic if and only if A is conjugate to a translation 
zz + b (and thus also conjugate to the translation z> z + 1). Similarly, 
it is easy to establish that an element A with two fixed points is conjugate 
to z= Az, A #0, 1 and that 


A is loxodromic + |A| # 1, A#0, 
A is hyperbolic + € R, ASO AFT 
and 
A is elliptic = |4| = 1, Al aal 


The number J is called the multiplier of the motion A. It is a root of unity 
if and only if A is elliptic of finite order. 


IV.6.3. Theorem. The only Riemann surface M which has as universal covering 
the sphere, is the sphere itself. 


Proor. The covering group of M would necessarily have fixed points if 


7 ,(M) # {1}. m 


IV.6.4. The fixed point free elements in Aut C are of the form z> z + a, 
ae C. Since a covering group of a Riemann surface must be discrete, we 
see that (consult Ahlfors book Complex Analysis) we have the following 


Theorem. If the (holomorphic) universal covering space of M is C, then M 
is conformally equivalent to C, C*, or a torus. 


These correspond to 2,(M) being trivial, =Z, and =Z @® Z. Note that 
if 2,(M) = Z, then we can take as generator for the covering group of M, 
the translation z> z + 1. The covering map 


n: C > C* 
is given by n(z) = exp(2ziz). 


IV.6.5. All surfaces except those listed in Theorems IV.6.3 and IV.6.4 
have the unit disc or equivalently the upper half plane U as their holomorphic 
universal covering space. We have shown in III.6.4, that every torus has 
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C as its holomorphic universal covering space (we will reprove this below). 
Since no surface can have both U and C as its holomorphic universal covering 
Space, a torus cannot be written as U modulo a fixed point free subgroup 
of Aut U. More, however, is true (see Theorem IV.6.7). 

Since Aut U = PSL(2,R), we see that each elliptic element Ae Aut U 
fixes a point z € U (and Z as well). Conversely, every A e Aut U that fixes an 
element of U is elliptic. Thus a covering group of a Riemann surface cannot 
contain elliptic elements. (As an exercise, prove that a discrete subgroup 
of Aut U cannot contain elliptic elements of infinite order.) Since every 
element of Aut U of finite order is elliptic, we have established the following 
topological result. 


Proposition. The fundamental group of a Riemann surface is torsion free. 


Remark. Using Fuchsian groups, one can determine generators and relations 
for fundamental groups of surfaces. 


IV.6.6. If A e Aut U is loxodromic, we can choose an element Be Aut U 
such that 
C(0) = Bo Ao B7 +(0) = 0, 
and 
C(œ)= Bo Ao B~ (co) = œ. 


Thus C(z) = åz with 2e R, A > 0, 2 #1. Thus Aut U does not contain any 
non-hyperbolic loxodromic elements, and hence the covering group of a 
Riemann surface (whose universal covering space is U) consists only of 
parabolic and hyperbolic elements. 


Lemma. Let A and B be Möbius transformations which commute, with neither 
A nor B the identity. Then we have: 


a. If A is parabolic, so is B and both have the same fixed point. 

b. If one of A and B is not parabolic (then neither is the other by (a)), then 
either A and B have the same fixed points, or both of them are elliptic 
of order 2 and one permutes the fixed points of the other. 


ProorF. Say Ac B = B 0 A. If A is parabolic, it involves no loss of generality 
to assume A(z) = z + 1 (by conjugating A and B by the same element C). 
Write B = [? 5] € SL(2,C), A=[} 1]. Thus the statement A commutes 


with B gives 
kii ETIR yl in PSL(2,€) 
+d 


é d EE 


From which we conclude that c = 0, thus ad = 1 and d = a; showing that 
Biz) =z+ $. 
If neither A ncr B have precisely one fixed point, then by conjugation 
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we may assume A(z) = Az with 2 # 0, 1. The commutativity relation now reads 


Ed YE LOR A piers PSL(2,C). 
Sae Iard 


There are now two possibilities: c # 0 or c = 0. If c # 0, then we must have 


the equality 

Va Ab| [da b 

Hote Mie Ife Weick 
Thus a = 0 and if we assume that 2 # — 1, also b = 0 (hence ad — bc # 1). 
Thus this case is impossible and 24 = — 1. The matrix identity now reads 


EET 


from which we conclude a = 0 = d and bc = — 1; from which we conclude 
B(z) = k/z. The remaining case is c = 0. Thus d # 0 and the matrix equality 


becomes 
ha Ab " A. 1 
w a OA |) 
Thus 6 = 0 and B(z) = le E] 


Corollary. Two commuting loxodromic transformations have the same fixed 
point set. 


IV.6.7. Theorem. Let M be a Riemann surface with n;(M) = Z @ Z, then the 
holomorphic universal covering space of M is C. 


PROOF. Assume the covering space is U. The covering group of M is an 
abelian group on two generators. Let A be one of the generators. If A is 
parabolic, then we may assume A(z) = z + 1. Let B be another free generator. 
Since B commutes with A, B must also be parabolic. Thus B(z) = z + B, 
P € R\Q. The group generated by A and B is not discrete. 

So assume A is hyperbolic (it cannot be anything else if it is not parabolic). 
We may assume A(z) = Àz, 4 > 1. The other generator B must be of the 
form B(z) = wz with u> 1 and 2" 4 u” for all (nm) € Z @ Z\{0}. Again, 
such a group cannot be discrete (take logarithms to transform to a problem 
in discrete modules). E 


IV.6.8. To finish the proof of Theorem IV.6.1, we must establish the following 


Theorem. Let M be a Riemann surface with holomorphic universal covering 
space U. Then M = A, A*, or A,, provided n,(M) is commutative. 


Proor. We have seen in the proof of the previous theorem that if M is 
covered by U and 7,(M) is commutative, then the covering group G of M 
must be cyclic. The two possibilities (other than the trivial one) are the 
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generator A of G is parabolic (without loss of generality z++z+ 1) or 
hyperbolic (z> Az, A > 1). In the first case the map 


U > A* 
is given by 
z> exp(2z7iz). 


For z = re®, 0 < 0 < 27, we define 
log z = log r + ið 


(the principal branch of the logarithm). The covering map (for the case 
of hyperbolic generator) 


U-A, 
is then given by 
log z 
zrexp( 2a = i) 
From this we also see that 
r = exp(—2n7/log å). (6.8.1) O 


IV.6.9. As an application we prove the following 


Theorem. Let D be a domain in C U {œ} such that C U {œ}\D consists 
of two components «, P. Then D = C*, A*, or A,. 


ProoF. The complement of «(in C U {00}) is simply connected (#C U {c}) 
and thus conformally equivalent to C or A. Thus it suffices to assume a 
is a point or the unit circle. Now (C U {co}\8) is also equivalent to C or A. 
Thus we are reduced to the case where 6D consists of points or analytic 
arcs. In either case, it is now easy to see that z,(D) = Z, and the result follows 
by our classification of Riemann surfaces M with commutative z,(M). O 


IV.7. Two Problems on Moduli 


The general problem of moduli of Riemann surfaces may be stated as 
follows: Given two topologically equivalent Riemann surfaces, find necessary 
and sufficient conditions for them to be conformally equivalent. What does 
the “space” of conformally inequivalent surfaces of the same topological 
type look like? The solution to this general problem is beyond the scope 
of this book; however, two simple cases (the case of the annulus and the 
case of the torus) will be solved completely in this section. 


IV.7.1. Let M; be a Riemann surface with n;:M; > M,, the holomorphic 
universal covering map (j = 1,2). First, recall that the covering group G; 
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of M; is determined up to conjugation in Aut M;. Furthermore, if 


f:M,>M, 
is a topological, holomorphic, conformal, etc., map, then there exists a map 
fe M, => M, 
of the same type so that - 
nzo f = fon. 


(Of course G; is the set of lifts of the identity map M; > M;.) The map f is 


~ 


not uniquely determined. It may be replaced by A, «f o A, with Aje G}. 


IV.7.2. How many conformally distinct annuli are there? We have seen 
that every annulus can be written as U/G where G is the group generated 
by z= dz, AER, A> 1. If A, and A, are two such annuli with the cor- 
responding 2, and 1,, when do they determine the same conformal annulus? 
They determine the same annulus if and only if there is an element T e Aut U 
such that 

TO 2) =AsT (2), zeUu. 


From this it follows rather easily that 4, = 2, (by direct examination or 
using the fact that the trace of a Möbius transformation is invariant under 
conjugation). 

We conclude 


Theorem. The set of conformal equivalence classes of annuli is in one-to-one 
canonical correspondence with the open real interval (1,00). 


Of course, we could substitute for the word “annuli” the words “domains 
in C U {co} with two non-degenerate boundary components.” 


IV.7.3. Let T, and T, be two conformally equivalent tori. As we have 
seen, the covering group G; of T; may be chosen to be generated by the 
translations z+>z + 1, z-+z +t; with Im t; > 0. Thus we are required to 
find when two distinct points in U determine the same torus. Let f be the 
conformal equivalence between T, and T, and let f be its lift to the universal 
covering space: 


The mapping fis conformal (thus affine; that is, zaz + b), and it induces 
an isomorphism f > 
G; eg>fogof ! @ Ga; 


We abbreviate the Möbius transformation z> z + c by c. Thus 


a=O0(1)=al+ Pt, witha, peZ 


at, = O(t,)=yl+6t, with y,deZ. isde 
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Further, since @ is an isomorphism the matrix [% $] is invertible. Thus 
ad — By = +1. Considering the symbols in (7.3.1) once again as numbers, 
we see that 


y+ ot, 
= 5 
: a + ‘bts 
and since both t; and t, € U we see that By — «ð = — 1. Conversely, two 


t's related as above correspond to conformally equivalent tori. Let F denote 
the unimodular group of Möbius transformations; that is, PSL(2,Z). It is 
easy to see that T is a discrete group (hence discontinuous), and with some 
work that U/I = C. Thus we have 


Theorem. The set of equivalence classes of tori is in one-to-one canonical 
correspondence with the points in C. 


IV.8. Riemannian Metrics 


In this section we show that on every Riemann surface we can introduce 
a complete Riemannian metric of constant (usually negative) curvature. We 
also develop some of the basic facts of non-Euclidean geometry that will 
be needed in IV.9. 


IV.8.1. We introduce Riemannian metrics on the three simply connected 
Riemann surfaces. The metric on M will be of the form 


2(z)\dz\, ze M. (8.1.1) 
We set 
NN seam ai for M =C vu {oo}, 
A@=1, forme, 
7 2 
A(z) = + FP for M = A= {zeC; |z| < 1}. 


The definition of 2 for M = C u {oo} is, of course, only valid for z # œ. 
At infinity, invariance leads to the form of / in terms of the local coordinate 


f= jz 


We will now explain each of the above metrics. 


IV.8.2. The compact surface of genus 0, C U {00}, has been referred to 
(many times) as the Riemann sphere; but up to now no “sphere” has appeared. 
Consider hence the unit sphere S?, 


Ser Hed 
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in R*. We map S?\{(0,0,1)} onto C by (stereographic projection) 

Se 

1-¢ 

It is a trivial exercise to find an inverse and to show that the above map 


establishes a diffeomorphism between S7\{(0,0,1)} and C that can be extended 
to a diffeomorphism between S? and C U {co}. The inverse is 


2Rez 2Imz |z|?-1 
(Ger peer Ee) i 


(¢.0,0) > 


(Write x = Re z, y = Im z.) The Euclidean metric on R? 
ds? = dé? + dn? + dl? 


induces a metric on S’, which in turn induces a metric on C u {co}. Equation 
(8.2.1) shows that 


2(1 — x? + y?) dx — 4xy dy 


dé = 
e ESERE 
d _2(1 + x? — y’) dy — 4xy dx 
nsa (+ |z} 
4x dx + 4y dy 
dt = 
ET 


A lengthy, but routine, calculation now shows that 


4(dx* + dy?) 


2 
APRE T 


The curvature K of a metric (8.1.1) is given by 


A log A 


Kaldes; 


(here A is the Laplacian, not the unit disc). A calculation shows that 
K = +1, 


and that the area of C U {00} in the metric is 


Area(C u {oo}) = RC ) dx dy = Neale es (+r rdr dO = 4n. 


Proposition. An element T e Aut(C L {co}) is an isometry in the metric 
(2/(1 + |z|7))|dz| if and only if as a matrix 


oh Se 
JE : 2> 
i | jal? + |e? = 1. (8.2.2) 
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a b 
A = = => 
|: r 3 ad — bc = 1. 


Of course, T is an isometry if and only if 
4(Tz)|T'(z)| = A(z), zeC U {oo}, 


or equivalently if and only if 


PROOF. Write 


1 1 
lez + d|? + jaz +b 1+ |Z)?" 


(8.2.3) 


If (8.2.2) holds, then so does (8.2.3), as can be shown by the calculation 


1 1 1 
lez +a? + az= 7|? (cz +a +a) + (az -0(az-c) 1+ e 


Conversely, if (8.2.3) holds, we have 
1+ 


z|? = |ez + d|? + |az + b|’. 
Expanding the right-hand side gives 

1 + |z|? = (la|? + |c|?)|2|? + (cd + ab)z + (de + bazz + |b|? + |d|’, 
and the only way this identity can hold is if |a|? + |c|? = 1, |b|? + |d|? = 1, 
cd + ab = 0. We now add to this the determinant condition — cb + ad = 1. 
The last four equations yield c = —b, a = d. = 
Remark. Note that for T not the identity 

Trace T=a+a=2Rea, 

and (since Re a = +1 implies that T is the identity) 
2e acea? 


Hence T is elliptic. As a matter of fact, T is an arbitrary elliptic element 


fixing an arbitrary point z and —Z~+!. 


EXERCISE 


Determine the geodesics of the metric of constant positive curvature on the sphere. 


IV.8.3. The metric |dz| on C needs little explanation. It is, of course, the 
Euclidean metric. It has constant curvature zero. Geodesics are the straight 
lines; and automorphisms of C of the form 


ze C a + b, GER, beEC, 


are isometries in the metric. 
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IV.8.4. We turn now to the most interesting case: the unit disk 4. Let us 
try to define a metric invariant under the full automorphism group Aut 4. 
The metric should be conformally equivalent to the Euclidean metric; hence 
of the form A(z)|dz|. Set 4(0) = 2 and note that 4(40)|A'(0)| = 4(0) for all 
Ae Aut A that fix 0 (since A(z) = e'®z). Let z) E€ A be arbitrary and choose 
A e Aut A such that A(0) = zo. Define (to have an invariant metric) 


Azo) = 2|A'(0)|7 +. 


Note that A(z) = (z + Zo)/(1 + Zoz) (it suffices to consider only motions of 
this form). From which we conclude that 


2 
Meo) ==: 
1 — |Z0)? 
A simple calculation shows that this metric is indeed invariant under Aut 4. 
(In particular, the elements of Aut 4 are isometries in this metric.) 

Before proceeding let us compute the formula for the metric on the upper 
half plane U. Since we want the metric A(z)|dz| to be invariant under Aut U, 
we must require X 

A(Zo) = 2|A’(0)|~, 
where A is a conformal map of 4 onto U taking 0 onto zy. A calculation 
similar to our previous one shows that 


= 1 
Imz 


A(z) 


Computations now show that the metric we have defined has constant 
curvature —1. 

Let c:I — A be a smooth path. Then the length of this path /(c) is defined 
by 


1 
KO = fo AOO] de. (8.4.1) 
We can now introduce a distance function on A by defining 
d(a,b) = inf {I(c); c is a piecewise smooth path 
joining a to b in 4}. (8.4.2) 


Take a = 0 and b = x, real, 0 < x < 1, and compute the length l(c) of an 
arbitrary piecewise smooth path c joining 0 to x, 


1 2 
Oe ik kO le(t)| dt 


2 
= ih, 1—c(p? c(t) dt 


1+x 
log; 


Na ait 
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We conclude that 


d(0,x) = log i Ti 


and that c(t) = tx, 0 < t < 1, is the unique geodesic joining 0 to x. We now 
let 0 # b = z e 4 be arbitrary (and keep a = 0). Since 


Cer eai 
(0 = arg z) is an isometry in the non-Euclidean metric A(z)|dz|, we see that 
1+ |z 
d(0,z) = log eat (8.4.3) 


and c(t) = tz,0 <t < 1, is the unique geodesic joining 0 to z. 


Proposition 


a. The distance induced by the metric 2/(1 — |z|7)|dz| is complete. 

b. The topology induced by this metric is equivalent to the usual topology on A. 

c. The geodesics in the metric are the arcs of circles orthogonal to the unit 
circle {z e C; |z| = 1}. 

d. Given any two points a,b € 4, a # b, there is a unique geodesic between them. 


Proor. Note first that (8.4.3) shows that every Euclidean circle with center 
at the origin is also a non-Euclidean circle and vice-versa. Also note that 


a (Ors) 
him = 


z70 | 


=2= (0) 


showing that at the origin the topologies agree. Since there is an isometry 
taking an arbitrary point z € A to the origin, the topologies agree everywhere. 
This establishes (b). 

We have already shown that the unique geodesic between 0 and b is the 
segement of the straight line joining these two points. Now let z, and z, be 
arbitrary. Choose A e Aut A such that A(z,) = 0. Let b = A(z,). The geodesic 
between z; and z, is A” '(c), where c is the portion of the diameter joining 
0 to b. Since A~ + preserves circles and angles, (c) and (d) are verified. 

Now let {z,} be a Cauchy sequence in the d-metric. Then {d(0,z,)} is 
bounded. Hence {z,} is also Cauchy in the Euclidean metric and {|z,|} is 
bounded away from 1. This completes the proof of the proposition. 


IV.8.5. If D is any Lebesgue-measurable subset of 4, then 
1 F he 
Area D = 5 If, A(z)?|dz ^ dz| 


defines the non-Euclidean area of D. 
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The following technical proposition will be needed in the next section. 


Proposition. The area of a non-Euclidean triangle (that is, a triangle whose 
sides are geodesics) with angles a, B, y is 


nm—(a+fP+y). 


PROOF. It is convenient to work with the upper half plane U instead of the 
unit disk. We will allow “infinite triangles” —that is, triangles one or more of 
whose sides are geodesics of infinite length (with a vertex on dU = R u {co}). 
If a triangle has a vertex on dU, it must make a zero degree angle (because 
the geodesics in U are semi-circles (including straight lines = semi-circle 
through co) perpendicular to R). We call such a vertex a cusp. 


Case I. The triangle has one cusp at oo (see Figure IV.1), and one right angle. 
The angles of the triangle are hence: 0, 7/2, «. (Note we are not excluding the 
possibility that « = 0; that is, a cusp at B.) The area of the triangle is then 


. a T 
= arc sn- = 3—4 


ba oma > D2 


-n-(0+5 +4) 


O ap 
Figure IV.1 


Case II. The triangle has a cusp at œ. (See Figure IV.2.) It has angles 0, a, $. 
We are not excluding the possibility that either « = 0 or B =0 or both 
a = B = 0. Choose any point D on the arc AB and draw a geodesic “through 


ARA b Pp 
Figure IV.2 
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D and oo.” The area of the triangle is the sum of the areas of two triangles: 


r—(x+5)4n—(E4h)= 2-0-9 


The case in which A and B lie on the same side of D is treated similarly. 


Case III. If the triangle has a cusp, then it is equivalent under Aut U to the 
one treated in Case II. 


Case IV. The triangle has no cusps. (See Figure IV.3.) Extend the geodesic 
AB until it intersects R at D. Join C to D by a non-Euclidean straight line. 
The area in question is the difference between the areas of two triangles and 
thus equals 


[x—(a+y+e)]-—[xn-(e+n] =n-(e+y=n2-(e+ Pty). O 


Figure IV.3 


IV.8.6. Theorem. Let M be an arbitrary Riemann surface. We can introduce 
on M a complete Riemannian metric of constant curvature: the curvature is 
positive for M = C U {œ}, zero if C is the holomorphic universal covering 
space of M, and negative otherwise. 


Proor. Let M be the holomorphic universal covering space of M and G the 
corresponding group of cover transformations. We have seen that G is a 
group of isometries in the metric of constant curvature we have introduced. 
Since the metric is invariant under G, it projects to a metric on M. Since 
curvature is locally defined, it is again constant on M. (The reader should 
verify that the curvature is well-defined on M; that is, that it transforms 
correctly under change of local coordinates.) The (projected) Riemannian 
metric on M (denoted in terms of the local coordinate z by A(z)|dz|) allows us 
to define length of curves on M by formula (8.4.1) and hence a distance 
function (again denoted by d) by (8.4.2). Let 


mt: M > M 
be the canonical holomorphic projection. Let x, y e M. We claim that 
d(x,y) = inf {d(&,n); 2(€) = x, n(n) = y}. (8.6.1) 


Note that we have shown that in M the infimum in (8.4.2) is always assumed 
for some smooth curve c. Let d be the infimum in (8.6.1); that is, the right-hand 
side. Let c be any curve joining € to 7 in M with 2(é) = x, n(n) = y. Then 
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m °C is a curve in M joining x to y. Clearly, I(x ° c) = l(c). Thus 
d(x,y) < (n° c) = l(c), 
and since c is arbitrary, 
d(x,y) < d(¢,n). 
Finally, since ¢, 7 are arbitrary in the preimage of x, y, 
d(x,y) < d. 


Next, if c is any curve in M joining x to y, it can be lifted to a curve € joining 
č to n (n(¢) = x, n(n) = y) of the same length (because z is a local isometry). 
Thus, 

(OS = d(Eny = a. 


Since c is arbitrary, we conclude 


d(x,y) > d. 
It is now easy to show that the metric d on M is complete. We leave it as 
an exercise to the reader. ee 
Remarks 


1. Ifa Riemann surface M carries a Riemannian metric, then the metric can 
be used to define an element of area dA and a curvature K. The Gauss— 
Bonnet formula gives 


f. p K dA = 2n(2 — 2g), 


if M is compact of genus g. Thus, in particular, the sign of the metric of 
constant curvature is uniquely determined by the topology of the surface. 
We will not prove the Gauss—Bonnet theorem in this book. The next 
section will, however, contain similar results. 

2. Let M be an arbitrary Riemann surface with holomorphic universal 
covering space M. On M 


A(z)? dz a dz 
is a nowhere vanishing 2-form that is invariant under the covering group 


of M > M. Thus the form projects to a nowhere vanishing smooth 2-form 
on M. (Recall that in I.3.7, we promised to produce such a form.) 


IV.9. Discontinuous Groups and 
Branched Coverings 


In this section we discuss the elementary Kleinian groups and establish a 
general uniformization theorem. We show that a Riemann surface with 
ramification points can be uniformized by a unique (up to conjugation) 
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Fuchsian or elementary group. This establishes an equivalence between the 
theory of Fuchsian (and elementary) groups and the theory of Riemann 
surfaces with ramification points. We have not always included the complete 
arguments in this section. The reader should fill in the details where only 
the outline has been supplied. 


IV.9.1. Let M be a Riemann surface. We shall say that M is of finite 
type if there exists a compact Riemann surface M such that M \M consists 
of finitely many points. The genus of M is defined as the genus of M (it is 
well defined). By a puncture on a Riemann surface M, we mean a domain 
Do <M with Do conformally equivalent to {z € C; 0 < |z| <1} and such 
that every sequence {z,} with z„,— 0 is discrete on M. We shall identify 
z = 0 with the puncture Do. 

Let D be a connected, open, G-invariant subset of 2(G), where G is a 
Kleinian group. We must use a little care in defining a puncture on D/G 
because we want to view this space as a Riemann surface with ramification 
points. Regard for the moment D/G as an abstract Riemann surface. It is 
possible that a puncture on this surface is an accumulation point of branch 
values of the canonical projection. We will ignore such punctures. Thus we 
require that a deleted neighborhood of a puncture on D/G consist only 
of images of ordinary points of D (points with trivial stabilizers). Let 
{X1,X2,...} be the set of points that are either punctures on D/G or 
points xe D/G with the canonical projection 2:D—D/G ramified at 
m *(x). Let v; = ramification index of ~'(x;) for such an x, and let 
v; = œ for punctures. The set {x} is at most countable, since the punc- 
tures and ramified points each form discrete sets. 

Let us now assume that D/G is of finite type. If in addition, z is ramified 
over only finitely many points, then we shall say that G is of finite type over 
D. In this latter case, we let p be the genus of D/G. We may arrange the 
sequence x; so that 

OE ehcp E e 
(here n = cardinality of {x,,x,...} < œ), and we call 
(D3V1,V2, DATED Vn) 
the signature of G (with respect to D). 

We also introduce the rational number, called the characteristic of G 
(with respect to D), ; 

y=2p-24+Y¥ (1=2), 


j=1 Vi 


where, as usual, 1/oo = 0, whenever G is of finite type over D and y = œ, 
otherwise. 


IV.9.2. Definition. Let G be a Kleinian group. Let D c Q(G) be a G-invariant 
open set. By a fundamental domain for G with respect to D we mean an open 
subset w of D such that 
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i. no two points of w are equivalent under G, 
li. every point of D is G-equivalent to at least one point of Cl a, 
iii. the relative boundary of œ in D, da, consists of piecewise analytic arcs, 
and 
iv. for every arc c c ôw, there is an arc c’ c ôw and an element g € G such 
that gc = c. 


By a fundamental domain for G we mean a fundamental domain for G 
with respect to Q(G). 

The next proposition will only be needed to discuss examples. We will 
hence only outline its proof. 


Proposition. Every Kleinian group G has a fundamental domain. 


PROOF. Let n:Q > Q/G = |); S; be the canonical projection. Let Q; be a 
component of x” ‘(S;), and let G; be the stabilizer of Q ;- If wm; is a fundamental 
domain for G; with respect to Q;, then |]; œ; is a fundamental domain for 
G. Thus it suffices to consider only the case where Q is connected. 

We can, therefore, assume that we are given a discontinuous group G 
of automorphisms of a domain D c Cu {co}. We now introduce a con- 
structure that is very useful in studying function groups. (These are precisely 
the groups that have an invariant component.) Let 


p: DED 
be a holomorphic universal covering map of D and define 
C= {y € Aut D; poy = g 0 for some g e G}. 
It is now easy to check that D/r = D/G (thus G is discontinuous if and only 
if T is). For a given y e T there is just one g e G with po y = g o p. Hence 
we can define a homomorphism 
p*:Ir>G 
that satisfies 


poy=p*(yop, yell. 
We let H = Kernel p*. Then 


een ats Goal) 


is an exact sequence of groups and group homomorphisms. Now let & be 
a fundamental domain for I with respect to D. It is quite easy to show that 
œ = p(@) is a fundamental domain for G in D. Thus we need only establish 
fundamental domains for groups acting discontinuously on C u {00}, C, or 
U. The first case (C U {00}) is trivial (because the group is finite). The second 
case (C) will be exhausted by listing all the examples. If D = U, then we choose 
a point Zọ € U with trivial stabilizer and set 


w = {z e U; d(z,29) < d(gz,z9) all g € G, g # 1}. 
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It must now be shown that œ is indeed a fundamental domain. We omit 
(the non-trivial) details. [m 


Definition. The group I constructed above will be called the Fuchsian 
equivalent of G (with respect to D). 


We now take a slight detour and on the way encounter some interesting 
special cases. 


IV.9.3. Let us now classify the discontinuous groups G with Q(G) = 
Cu {0}. Since CU {co} is compact, G is finite (let N = |G|) and M = 
(C U {c0})/G is compact. Let 


m:CU{os 4M 


be the canonical projection. Let (y;v,,...,v,) be the signature of G. Clearly 
2 < v; < N and each v; divides N. The Riemann-Hurwitz relation (Theorem 
1.2.7; see also V.1.3) reads 


~2=N(2y—2)+N si (: ->). (9.3.1) 
j=1 j 


In particular, the characteristic of G, 


2 
eA), 


is negative. Since (1 — 1/v,;) > 0 all j, we conclude that y = 0. Thus (9.3.1) 


becomes 
2 n 1 
2=—= 1——}. 
N pa ( 5) 


Assume N > 1 (discarding the trivial case). If N = 2, then v; = 2, all j 
and n = 2. Assume now N > 2. Then 


2 
1<2- N Z7 
and (n > 0) since 
T 1— 2 <ii; 
2 vj 
we conclude that 
ial, n<4. 


Thus n = 2 orn = 3. If n = 2, then 


N 
Now since 1/v; > 1/N it must be that v, = v2 = N. If n = 3, then 
TT Lith sbilewel 


aael sioen 9.3.2 
var alts (9.3.2) 
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Observe (again) that 
1<1+ 2 < 5 
N ERS 
Thus v, = 2 (recall that v, < v3 < v3). We replace (9.3.2) by 


inadi uo bned 
2 ANES 


Now, N is even since v, = 2 and v, divides N (thus N > 4), 


— 


= <1! 
aoe << 


IV Uniformization 


Ifv, = 2, then v; is (apparently) arbitrary >2.Ifv, > 2, then v, = 3 and hence 


peony! 
N’ “vs 
Thus 


1 
- < — 6 > v3. 
Ged or V3 


Thus v3 = 3, 4 or 5. 


We summarize below the signatures and cardinalities of the groups G 


that could possibly act on C ù {co}. 


Signature of G |G| 
(Oj) 1 
(0; v,v) v (2<v< 0) 
(0;2,2,v) 2v(2< v< 0) 
(032.333) 12 
(0;2,3,4) 24 
(0; 2,3,5) 60 


Remark. Existence and uniqueness of groups with x < 0 will be established 
in IV.9.12. We have also determined all possible negative characteristics of 


Kleinian groups. 


IV.9.4. Before proceeding to the next special case, we must establish the 


following 


Lemma. Let A and B be two non-parabolic transformations with exactly one 
fixed point in common, then C = A~1o Bo Ao Bo! is parabolic. 


PROOF. Without loss of generality (by conjugation) we may assume that A 
fixes 0 and oo and B fixes 1 and oo. Thus A(z) = K,zand B(z) = K,(z — 1) +1, 
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K, #1 # K. A computation shows that 
(K, Na 1) 
K, ‘ 
which is parabolic. E 


C(z) =z + 


Corollary. Let G be a group of Möbius transformations and z e C U {oo}. If 
G,, the stabilizer of z in G, is finite, it must be cyclic. 


EXERCISE 


Let M be a Riemann surface whose universal covering space is the unit disk and let 
P e M. Let Gp be the stabilizer of P in Aut M. For most Riemann surfaces, Gp 1s 
finite. Find the exceptional Riemann surfaces; that is, find those M for which Gp is 
infinite for at least one P e M. Prove that your list is complete. Discuss the same 
problem for Riemann surfaces M whose universal covering space is the complex 
plane. (Hint: See also V.4.) 


IV.9.5. Next we determine the groups G that can possibly act discon- 
tinuously on C. Since G leaves C invariant, G c Aut C, and the elements g 
of G are of the form 

g:z|>az + b, a #0. (9.5.1) 


Observe that a, if #1, must be a root of unity, since a is the multiplier of 
g and g must in this case be elliptic of finite order. Map the element g € G 
of (9.5.1) onto a e S+. This map is a homomorphism since 


a 


Let Go be the kernel of this homomorphism. Clearly Go is the unique maximal 
fixed point free (normal) subgroup of G. 

If Go is trivial, then by the preceding lemma, all elements of G must 
fix a common point zọ € C. We conclude that G is a finite cyclic group 
acting discontinuously on C u {o0}. We will not consider such groups to 
be acting on C. 

We consider now the case with Gy non-trivial. It is then easily seen that 
Go is a free abelian group on 1 or 2 generators. In studying groups of 
Möbius transformations, we are always permitted to conjugate the group. 
Conjugation does not change the Riemann surfaces represented by the 
group. In the case under consideration, we may conjugate G by elements of 
Aut C (rather than elements of Aut(C u {00}) = PSL(2,C)). 

Assume that Go is cyclic. Then (without loss of generality Go is generated 
by z++z + 1) C/G is equivalent to the punctured plane C* (via the map 
ze?) and G/G, acts as a group of conformal automorphisms of C/Go. 

The automorphisms of C* are of the form z> kz and z++k/z (see V.4.3). 
The former lift to automorphisms of C of the form (z> z + (log k)/27i) and 
must therefore be in Go; the latter, to automorphisms of the form z—> —z + 
(log k)/2xi whose squares must be in Gy. Thus G/Gp is trivial or isomorphic 
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to Z,. In the second case, G consists of mappings of the form z= +z + n, 
ne Z. 
We “draw” fundamental domains for the groups encountered above. 


G generated by z++z + 1 (Figure I'V.4) 


Im z=O 


Rez=O Rez=l 
Figure IV.4. Signature (0;00,00). 


G generated by z++ —z, z > z + 1 (Figure IV.5) 


Im z=O 


Re z=O Re z=] 


Figure IV.5. Signature (0;2,2,00) where the first two twos correspond to the points 
z= (and z=}. 


We now consider the case where Go has rank 2. Then we may assume 
that Go is generated by the two translations z > z + 1, z> z + 1t, Im t > 0, 
and C/Gọ is a torus. Without loss of generality, we may assume |r| > 1. 
Again G/Go acts as a group of automorphisms of C/Gp. 

Assume now that G/Go is non-trivial. Let g:z>z + 1 and h:zm az + b 
be parabolic and elliptic elements of G. We conclude that 

hogoh*z42z fia 

is an element of Go, or that the multipliers of elements of G are periods of 
Go. Since there are only finitely many periods on the unit circle, we can 
find a “primitive” multiplier K = e?*" with peZ, u> 1 and u maximal. 
By conjugating G once again (by an element z z + c) by a conjugation 
that does not destroy the previous normalization, we may assume that G 
contains the element z> Kz. Hence, we see that G/G, is a finite cyclic group 
=Z, The group G hence consists of motions of the form 


z= K*z + n + mt, v=0,....u-—l1,neZ,meZ. 
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Now we let y be the genus of C/G( =(C/Go)/(G/Go)). Let x; = 0, x2,- 9, 
be the fixed points of G/Gy on C/G, and let Vis - - -, V, be the orders of the 
respective stability subgroups. We use Riemann—Hurwitz (see V(1.3.1)) 


O=2y—2+ 5 (: a a (9.5.2) 


J= Yi 


and conclude that ifr > 0 (G/Go non-trivial) then y = 0. Thus (9.5.2) becomes 


aao 


Let N be the order of G/Go. Then 
2<v <N. 


Since 1 >(1 — 1/v) >4,r=3 or 4. If r= 4, then v; =v, = v3 =v4 = 2, 
and the ramification is completely accounted for by the element z> —z, 
and G/Go = Z3. 

Fundamental domain for G consisting of {z-+z + n + mt} (Figure IV.6) 


Re z=O 
Figure IV.6. Signature (1;—). 
Fundamental domain for G consisting of {z> +z+n+mt} (Figure IV.7) 


Re z=O 
Figure IV.7. Signature (0;2,2,2,2) where the twos correspond to the points z = 0, z = 4, 
ZG) Dzone 


Ifr = 3, then the only possibilities are as follows (because 1 = 1/v, + 1/v, + 


1 : 
3) Vi Y3 V3 G/Go 


3 3 3 Z3 


The computation of the v; appearing in the above table is routine. The 
description of G/Go requires some explanation (that is, the determination 
of u). Let z+» Kz be the generator of G/Go, which is also the generator of the 
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stability subgroup of 0. Since K is a period, there are integers n, m such that 
K=n+nmt. 

Now |K| = 1, |t| > 1, implies either n = 0 or m = 0. If m = 0, then n = —1= 

K. Thus G is the group of signature (0;2,2,2,2) which we previously discussed. 

Ifn = 0, then m = +1. Since Im t > OandIm K > 0, we conclude that m = 1 

and K = 1 (also u > 2). Since z+ Kz generates the stabilizer of 0, u = v3. 

Fundamental domain for {z > K’z +n + mK}, K = e**!® (Figure IV.8) 


Im z=O 


Re z=O 
Figure IV.8. Signature (0;2,3,6) where the two corresponds to the point z = 4, the 
three corresponds to the point z = (K + 1)/3 and the six corresponds to the point z = 0. 
Fundamental domain for {z +> K”z + n + mK} K = e?!* = i (Figure IV.9) 


Re z=O 
Figure IV.9. Signature (0;2,4,4) where the two corresponds to z = 4, one four corre- 
sponds to z = (1 + i)/2 and the last four corresponds to z = 0. 


Fundamental domain for {z> K*z + n + mK}, K = e?°™’? (Figure IV.10) 


Re z=O 
Figure IV.10. Signature (0;3,3,3) where the threes correspond to the points z = 0, 


z = (K + 2)/3, z = (2K + 1)/3. (Each of these three points is equivalent to a corre- 
sponding point in the figure.) 
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Remark. We have established above the existence and uniqueness of all the 
elementary groups with one limit point. We have also determined all pos- 
sible signatures that yield zero characteristic. 


IV.9.6. To classify the remaining elementary groups, we must study the 
groups with two limit points; without loss of generality the limit points are 
0 and oo. The elements of such a group G are of the form 


zee>kz and ze k/z- 


By passing to the Fuchsian equivalent of the group G, it is easy to classify 
these groups. The details are left to the reader. 


IV.9.7. Let G be a Kleinian group. We have seen that y < 0 (respectively, 
x = 0) whenever Q2(G) = C U {co} (respectively, Q(G) = C). We want to show 
now that for Fuchsian groups y > 0. In addition, we want to interpret the 
characteristic in geometric terms. We need some preliminaries. 


Lemma. Let G be a Fuchsian group operating on the upper half plane U. 
Assume that P is a puncture on U/G (and that the natural projection n is 
unramified over a deleted neighborhood of P). Then there exists a deleted 
neighborhood D of P in U/G, a disc D in U, and a parabolic element T e G 
such that D = D/Go, where Go is the cyclic group generated by T, and two 
points in D are equivalent under G if and only if they are equivalent under Go. 


Proor. Let D U {P} be a simply connected neighborhood of the puncture 
P such that z is unramified over D. Let D be a connected component of 
nm ‘(D) and let Gy be the stabitizer of D in G; 


Go = {g € G; gD = D}. 


We must, of course, have that D/G, = D. Let D be the holomorphic universal 
covering space of D and let G, be the Fuchsian model of Go with respect to 
D. Then Go is isomorphic to the fundamental group of D and thus infinite 
cyclic. Hence Go (being a homomorphic image of Gy) is also cyclic. It cannot 
be generated by an elliptic element. If Gọ were generated by an elliptic 
element, the fixed point of its generator would have to be on the extended 
real axis. But an elliptic element with a fixed point on Ru {oo} cannot fix 
U. Thus Gy is generated by a parabolic or hyperbolic element T. Further, D 
must be simply connected since only a disk can cover non-trivially a 
punctured disk. We clearly have an inclusion 


D/Go o U/Go. 


If T were hyperbolic, then U/Gọ would be an annulus that contains the 
punctured disc D/Go. Thus the puncture P on D/G, would be a point in U/Go 
and hence would be the image of a point z e U under the map nzo: U > U/Go. 
We conclude that D must contain many punctured discs. But Go is 
isomorphic to 2,(D) which is mapped isomorphically into z,(U/G,) by the 
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inclusion of D/G into U/Gp. We have obtained an obvious contradiction. 
Thus T is parabolic. By conjugating G in the group of real Mobius 
transformations, we may assume that T(z) = z + 1. By shrinking D, we may 
assume that D = {z e C; Im z > b} for some b > 0. o 


Definition. We shall call D, a disc (half plane) corresponding to the puncture P. 


IV.9.8. To establish the converse of the above lemma, and to show that 
D can always be chosen to be the half plane {z e C; Im z > 1} we prove the 
following 


Lemma. Let A(z) = (az + b)(cz + d)~' with a, b, c, de C and ad — bc = 1. 
Let T(z)=z + 1. Then the group generated by A and T is not discrete if 
sja asi, 


ProoF. Let Ay = A and for n e Z, n > 0, set 
ALA ered 
We show that if 0 < |c| < 1, then 
Limen 


n> o 


We write as matrices in SL(2,C), 
and compute 


c 
2 
l= Ann An _ | 4n+1 batı 
2 —— . 
— Ch Lit aC Cnh+1 dp+1 


C,= —c*” and lim e (9.8.1) 


n> oo 


We conclude that 


(in particular, the sequence {A,} is distinct). Now we choose y so that 0 < 
(1 — |c)" <y and |a| < y. By choice, |ao| = |a| < y. Suppose |a,| < y for 
some n, then also 

ryeni — AnCn A 
<1+yļc 


Hence, by induction 


< 1+ |a,||c,| = 1 + la le 
m= yle| <y. 


la| <y forall n. 
From the relation 


Gn+1 = ihs AnCn 
and (9.8.1), we conclude that 
litical 


n> 0 
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Thus also 
lim b, = lim a?_, = 1, 
and n o0 n 0 
lim d, = lim (1 + a,_4c,-,) = 1. CJ 


IV.9.9. Lemma. Let G be a Fuchsian group operating on the upper half plane 
U. Assume that G contains a parabolic element T with fixed point x € R U {oo}. 
Then G,, the stabilizer of x in G is infinite cyclic. 


Proor. We claim that every element A e G, is parabolic. Without loss of 
generality x = oo. Assume that G,, contains an element A with another 
fixed point which may be taken to be the point 1 (since it must be on the real 
axis because A cannot be elliptic). Thus we have T(z) =z+a,aeR, and 
A(z) = a(z — 1) + 1, xe R, a> 0. Without loss of generality we may take 
0 <a <1 (replace A by A’, if necessary). Now A"(z) = a"(z — 1) + 1, and 
hence 
A,° T° A, (z) =z + ax". 


Thus we have constructed a distinct sequence in G approaching the identity. 
We have shown that every element of G, is of the form zz + a. Taking, 
the minimum of all such positive a’s, we obtain a generator for G,,. T 


IV.9.10. Theorem. Let G be a Fuchsian group operating on the upper half 
plane U. Let T(z) = z + 1 be an element of G. Assume that T is the generator 
of the stabilizer of œ, G,,. If A e G\G,, then 


AU wo Ue oe 
where U, = {ze C; Imz > 1}. 


PROOF. Let A(z) = (az + b)/(cz + d) with a, b, c,d e R such that ad — be = 1. 
Lemma IV.9.9 shows that c # 0 and we may assume c > 0. Lemma IV.9.8 
yields that c > 1. Now AU, is a disc whose boundary is a circle tangent 
to R at A(oo) = a/c # œ. It is clear that the diameter of this circle is the 
maximum of 

a(x+i)+b a 


- A xeER, 
cx+i)+d c 


which equals 
1 1 


eJ +d) + Z 


Thus the maximum occurs at x = —d/c, and the diameter of the circle is 
1/c? < 1. Hence AU, is contained in a disc bounded by a circle tangent to 
R of diameter < 1. E 


—1 
c(cx+d + ci) 


Corollary 1. Let G be a Fuchsian group operating on U. If G contains a para- 
bolic element, then U/G contains a puncture. Furthermore, the punctures on 
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U/G are in one-to-one correspondence with the conjugacy classes of parabolic 
elements in G. 


Corollary 2. Let G be a Fuchsian group. If G is the covering group of a compact 
Riemann surface of genus p > 2, then G contains only hyperbolic elements. 


Remark. For the second part of Corollary 1, we must recall the discussion 
of IV.9.1. The punctures on U/G, viewed as a “Riemann surface with 
ramification points”, are in one-to-one correspondence with the conjugacy 
classes of parabolic elements of G. By a puncture on such a surface, we 
mean a puncture D on the abstract surface U/G such that 7: U > U/G is 
unramified over D (that is, there are no elliptic fixed points in 2 '(D)). 
We shall see (Theorem IV.9.12) that without this assumption we can have 
punctures on the abstract surface U/G that are limits of points over which 
n is ramified. 


IV.9.11. We consider now a Fuchsian group G operating on the upper half 
plane U (or the unit disc A). In IV.8, we introduced the Poincaré metric 
2 
Ay(z)|dz| = ——|dz| 
|z -z| 

for U which is clearly invariant under G (since G c Aut U). Thus we may 
project Ay(z)|dz| to U/G and obtain a metric with singularities at the images 
of the elliptic fixed points. We want to show that these singularities are not 
too bad in the sense that the Poincare metric on U/G is locally square inte- 
grable at these points and that the same is true even in a deleted neighborhood 
of a puncture. Let 

n:U + U/G 


be the canonical projection. Denote the Poincaré metric on U/G by A(Z )|dZ | 
in terms of the local coordinate Z. If Z can be expressed as a function of 
z € U, then of course, the relation 


A(Z)|dZ| = Ay(z)|dz| 
allows us to solve for A(Z). 


Let us assume that zọ € U is an elliptic fixed point. By conjugation we 
may replace U by A and assume that zọ = 0. The stabilizer Go is then gen- 
erated by an element of the form z+> e?""z, for some v eZ, v > 2. Thus 
Z = 7” is a local coordinate at 2(0). Since 


2 
A,4(z) = ——— 
al ) (1 = |z|?) 
we see that 
at 3 2 al dost 
10 = eR) 


Since (1/v)— 1 > —1, A(Z)*|dZ A dZ| is integrable in a sufficiently small 
neighborhood of Z = 0. 
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It remains to investigate a neighborhood of a puncture. Here it is more 
convenient to assume that G acts on U, and that the puncture corresponds 
to the cyclic subgroup of G generated by z++z +1. Thus Z = e?" is a 
local coordinate on U/G vanishing at the puncture, and 
= 1 
ÑZ) =——_, 
Z| log|= 
2 og 
which is readily seen to be square integrable. 

We are thus able to define 


Area(U/G) = f jhe zz) 


dZ AdZ 
> : 
Theorem. Let G be a Fuchsian group operating on U. Assume that G is of 
finite type over U with characteristic x, then 


Area(U/G) = 2ny. 


ProoF. Consider the natural projection n: U > U/G. Triangulate the compact 
surface U/G so that 


i. each ramified point is a vertex of the triangulation (however, there may 
(and as a result of (ii) there must) be other vertices), 

ii. every triangle of the triangulation contains at most one ramified point, 

iii. if a triangle A contains no ramified points, then there exists a connected 
neighborhood 4 in U so that (4) > A and n| is one-to-one, 

iv. if a triangle A contains a fiuite ramified point with ramification number 
v, then there exists a connected neighborhood 4 in U so that m4) > A 
and n|4 is v-to-one, and 

v. if a triangle A contains an infinite ramification point, then each com- 
ponent of x ‘(4) is contained in a half plane corresponding to the 
puncture. 


Having constructed a triangulation as above, it is easy to replace it by 
another triangulation in which each triangle is the image under z of a 
non-Euclidean triangle in U. Let 


(P; Yis asks Vn) 


be the signature of G with respect to U. Let us assume that in the above 
triangulation we have c; j-simplices (j = 0,1,2). Let a,, Br, Yy be the three 
angles of the kth triangle, k = 1,...,c,. Then 


Area(U/G) = D (x — ak — By — Ye) 


co 
= NC, — D Or, 
k=1 


where ô, = sum of the angles at the kth vertex. 
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Now ô, = 2n, if the kth vertex is an unramified point, 
= 2n/v, if the kth vertex is a point of finite ramification number v, and 
= 0, if the kth vertex is an infinite ramification point. 


Hence 
Y Ôk = 2n(Co = n) + D 271/V,. 
k=1 k=1 


Thus we see that 


Area(U/G) = an( 5 C2 — co) + 2r y (1 — 5) 


k= Vk 
Since each edge in the triangulation appears in exactly two triangles, we have 
3c, = 2C1, 
and hence (using the fact that for a compact surface of genus p, C2 — Cy + Co = 
2 — 2p) 


Area(U/G) = 2n(2p —2+ si (: — 2); O 


Vk 


Corollary. Let G be a group of conformal automorphisms of a Riemann surface 
D. If D is simply connected and G operates discontinuously on D, it is possible 
to define the characteristic y of G with respect to D. Furthermore: 


i. y < 0 if and only if D = C U {œ}, 
ii. y = 0 if and only if D = C, and 
iii. y > 0 if and only if D= A. 


IV.9.12. Theorem. Let M be a Riemann surface and {x,,x2,...} a discrete 
sequence on M. To each point x, we assign the symbol v, which is an integer > 2 
or 0. If M = C vu {oo} we exclude two cases: 


i. {x1,X2,...} consists of one point and v, # œ, and 
ii. {x1,X2,...} consists of two points and v; # v2. 


Let M'=M — Ries, {x,}, M” = M\Uk {x}. Then there exists a simply 
connected Riemann surface M, a Kleinian group G of self mappings of M 
such that 


a. M/G = M', Mg/G = M", where Mg is M with the fixed points of the 
elliptic elements of G deleted, and 

b. the natural projection n:M + M' is unramified except over the points x; 
with v, < œ where b,(X) = v, — 1 for all £ e n~ *({x;}). 


Further, G is uniquely determined up to conjugation in the full group of 
automorphisms of M. The conformality type of M is uniquely determined 
by the characteristic of the data: that is, by the genus p of M and the sequence 
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of integers {v,,v>,.. .}. Uf we set y = 2p — 2 + MA — 1/v;), then 
x<0 ifandonlyif M =C vu {oo}, 
x=0 if and only if M =C, and 
x>0 ifandonlyif M =U.) 


Proor. Let 2,(M”) = nı(M”,b) be the fundamental group of M” with base 
point b e M”. Let [«] denote the homotopy equivalence class of the closed 
loop a on M” beginning at b. Let a, denote a closed curve beginning at b 
extending to a point x near x,, (by x being near to x, we mean that a closed 
disc D, around x, that contains x and does not contain any x, with | Æ k) 
winding around x, exactly v times in D,, and then returning from x to b 
along the original path. 


Let Fo be the smallest subgroup of 2,(M”) containing {[aj*]; vy < œ} 
and let I be the smallest normal subgroup of z,(M”) containing l'o. Observe 
that for any k, [ao] ¢ T for le Z withO </< v,- The normal subgroup T 
of 2,(M”) defines, of course, an unbounded, unramified, regular (Galois) 
covering (M",x) of M”. We recall the (familiar) topological construction 
of (M”,n). Consider the set & of curves on M” beginning at b. Two such 
curves «, B are called equivalent (~) provided both have the same end point 
and [aB~']eI. The surface M” is defined as @/~, and the mapping n 
sends a curve « into its end point. Choose Êe M” such that n(b) = b. Then 
Me n(M " b). A closed curve « on M” beginning at b lifts to a closed curve 
& on M” beginning at b if and only if «e I. The topology and complex 
structure of @/~ are defined so that the natural projection T:€/~ > M" 
is holomorphic 

Choose a point x, with v, < 00. Let D, be a small deleted disc around xz. 
Consider a connected component D, of n~ ‘(D,). Choose a point ¥ € D,. We 
may assume that X corresponds to a curve c from b to x € D,. Let d be a closed 
loop around x, beginning and ending at x. Then x(cd’) = x, and [cd], 
v=0,..., vk — 1, represent v, distinct points in the same component of 
n` *(D,). Thus x |D, is at least v,-to-one. Since any closed path in D, is homo- 
topic to d” for some v, it is not too hard to see that by choosing D, sufficiently 
small n|D, is precisely v,-to-one. In particular, the lift %, of a consists of a 
path from b to a point X with n(x) near x, and then a homotopically non- 
trivial loop beginning and ending at X, and finally a path from X back to 6 
(the original path in_reverse direction). We want to show next that we can 
fill in a puncture in D, over x;,. 

Let G be the covering group of z; that is, G is the group of conformal 
automorphisms g of M” such that z © g = 7. Since T is a normal subgroup 
of 2,(M"), G = 1,(M")/T, and M"/G = M” (and G is transitive and acts 
fixed point freely on M”). Let G be the Fuchsian equivalent of G with respect 
to M”. We assume that G acts on the upper half plane U (the cases where G 
acts on the plane or the sphere are left to the reader). Let 


p:U > M" and p*:G +G 
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be the holomorphic covering map and the associated homomorphism of 
IV.9.3. Then U/(Kernel p*) = M” and U/G = M”. Every “puncture” x, on 
M” with v, < œ is determined by a parabolic element of G by Lemma IV.9.6. 


Recall the exact sequence 
{1} g (Kernel p*) o GS >Go ae 


We may assume that the half plane U, = {z e C; Im z > 1} gets mapped by 
mop onto the deleted neighborhood D, of the puncture x,, and that the 
corresponding parabolic subgroup of G is generated by z+» z+ 1. The 
intersection of the subgroup with the kernel of p* is a cyclic subgroup. We 
claim that it must be the cyclic subgroup generated by z > z + vx. It is clear 
that p(U,) is a component D, of x *(D,). Since p(U,) is conformally equiv- 
alent to U, modulo a parabolic subgroup, D, is indeed a punctured disc. 

Let M be M” together with all the punctures on the punctured discs D, 
corresponding to the punctured discs D, corresponding to the punctures x, 
with v, < œ. We show now that M is simply connected. Let & be a closed 
path on M. We must show that & is homotopic to a point. It clearly involves 
no loss of generality to assume that & begins at b and that & is actually a 
closed path in M”. Now «æ = n(&) is a closed path on M” beginning at b, 
and [«] e T. Thus it suffices to show that for every closed path ~ on M” 
that begins at b with [«] € T, the lift & of « beginning at b can be contracted 
to a point on M. Now T is the subgroup of 2,(M”) generated by {yr oy '} 
with y e 2,(M”). Thus it suffices to show that every generator «, of Fo lifts 
to a curve @, in M” that is contractible on M. But this is entirely obvious. 

The elements of G trivially extend to be conformal self maps of the simply 
connected Riemann surface M. From now on we may assume that M is 
either the sphere, plane, or upper half plane and that G is a Kleinian group. 
Thus the stabilizer of each puncture is a cyclic subgroup of finite order. 

It remains to verify uniqueness. Let G and G, be two groups of conformal 
mappings of the same simply connected Riemann surface U with canonical 
projections z and z, onto the same Riemann surface M such that for each 
x € M, |G, - 1, | = |(Gi)n; 1¢0), then there exists a conformal mapping A: U > 


U such that 
Ef ae 
M 


M’ = fxe M; Care = ly 
= {xe M; (Gia "œl = 
Let U’ = n~ *(M’) and U = nī '(M'). Choose be U’, b, e U', such that 
n(b) = nı(b;)=b EM’. Let Tr = n*(n,(U',b)) and i n*(74(U4,,b,)). It is 


quite easy to see that l, > T (and hence lT; = I’). From this it follows that 
n and 7m, are equivalent coverings. O 


commutes. Let 
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Remark. The above theorems also establish the existence of finite Kleinian 
groups. 


EXERCISE 


Prove that the theorem is not true for the two excluded cases. 


IV.10. Riemann—Roch: An Alternate Approach 


The existence theorems of Chapters II and III were established under the 
assumption that every Riemann surface is triangulable. Also, we used 
differentials as a basis for constructing functions. The development in this 
chapter did not require a priori knowledge that Riemann surfaces are 
triangulable. In this section we show that the Riemann—Roch theorem can 
be obtained in a different manner, using only results of this chapter. This 
shows, among other things, that Chapter II can be completely dispensed 
with and the proof of the Riemann—Roch theorem needs a lot less machinery 
than was used to establish it in Chapter III. However, the proof in this 
section is much more ad-hoc than the one in II1.4. 


IV.10.1. Let M be a compact Riemann surface of genus g. We have seen 
(Remark II.5.5) that the existence of meromorphic functions on M implies 
the triangulability of M and thus Proposition II.5.4. Clearly the Riemann- 
Hurwitz relation (Theorem 1.2.7‘ required only the triangulability of compact 
surfaces. (The knowledge how to compute the Euler characteristic was, of 
course, also required. Note that the fact that the zeroth and second Betti 
numbers for a compact surface agree follows, at once, from any of the 
usual duality theorems in algebraic topology.) Furthermore, the second 
proof of Riemann—Hurwitz (III.4.12) can be turned around to establish 
the following 


Proposition. Let D be a q-canonical divisor on M, then 
deg D = q(2g — 2). 


PRooF. For q = 0, the result follows by Proposition 1.1.6. If œ; #0 and 
œz # 0 are two q-differentials, then ,/w, is a meromorphic function and 
thus 


0 = deg(w,/w ) = deg(w,) — deg(a). 


Thus it suffices to establish the proposition for a single non-zero q-differential. 
Let f be a non-constant meromorphic function on M. Then (df)? is a mero- 
morphic q-differential, and 


deg((df)*) = q deg(df). 


238 IV Uniformization 


Hence, we must only show that 
deg(df) = 2g — 2. 
Recall that for f(P) # œ 
ordpdf = b,(P), (10.1.1) 
and if f(P) = œ, then 
ordpdf = ordpf — 1. (10.1.2) 


By following f by a Möbius transformation, we may assume f is unramified 
over œ. (Assume deg f = n. Choose w; € C such that card{f~ *(w,)} =n. 


Replace f by 
1 
fis al 


For such an f we have from (10.1.1) and (10.1.2) 
deg(df) = B — 2n. 


Using Riemann-Hurwitz with y = 0 (Theorem 1.2.7), the result follows. 


IV.10.2. We now prove one-half of the Riemann—Roch theorem in the 
following 


Lemma. Let D € Div(M), then 
r(D~1)>degD—g +1. 

Proor. Write 
Pu pw... Ptr 
Bi OR Ota OF 


The dimension (over R) of the space H of harmonic functions on M with 
“poles” of order < «; at P; is precisely 


(iani) 


by Theorem IV.3.11. Not all the functions u e H have single valued harmonic 
conjugates. Let c; be a small circle around P;. Notice that 


D 


with a, > 0, B, > 0. 


[ *du = 0, Tee lye aianei 


(To see this last equality, recall that the singularity of u at P; is of the form 
Rez ™ or Imz ™, with 1 <m < «;. Thus the meromorphic differential 
du + i*du has no residues.) A necessary and sufficient condition for u to 
have a harmonic conjugate is that 


[,tdu = 0 
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for all closed curves « on M. Since H i(M) is generated by 2g elements, the 
dimension over R of the space of harmonic functions on M with “poles” 
of orders < a; at P; which have harmonic conjugates is 


=2| 5 aj +1 -al 
j=1 


Thus the dimension over C of the space of meromorphic functions on M 
with poles of order <a; at P; is 


> ya; + 1-9. 
=a 


For such a function to belong to L(D~*), it must vanish at Q; of order > B,. 
This imposes at most ) 5-1 £; linear conditions. Hence 


j=1 j=1 
Sde Da tee. O 


IV.10.3. We now establish the Riemman—Roch theorem in the form of 
the following 
Theorem. For D e Div(M), 

r(D*)=deg D—g+1+4+r(DZ~'), 


where Z is any canonical divisor on M. 


PRooF. We break up the argument into a series of steps. 


(1) If deg D < 0, then r(D~*) = 0. This is Proposition IIL4.5. 

(2) For all divisors D, r(D~+) > deg D + 1 — g. This is the content of 
Lemma IV.10.2. 

(3) For Po € M;7r(D- *P5 +) < r(D7 +) + 1. Write 


De I] pP, 


PeM 
Say fı and fọ € L(D~'P, ')\L(D~!), then 
orde, j= ~P) -1=u (j=1,2). 
Let z be a local coordinate vanishing at Po, then 


F(Z) = Na Be z's bj, se 0 (j = 172); 
n=pu 


Thus fı — (b; ,„/b2,4)f2 € L(D~ t), and (3) has been established. 
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(4) Let Pye M, and assume r(D~'Po')=r(D*) + € and r(DZ™ J= 
DZE Pelt e Then Oe enen 
Assume for contradiction ¢ = 1 = ¢' (by (3) no other possibilities exist). Let 
Z = (a), with « an abelian differential on M. We have assumed the existence 
of functions 
fi € L(D~'Po*)\L(D~"), 
e NDZ T NADA ai: 


Thus 
(f)DPoz1 and (f,)D #1, 
and 
ZD e na ZD = Pee 
Now 
(f,)D = B/P, with B > 1 and a,(Po) = 9, 
and 


(f.4)D-1=C_ with C > 1 and a¢(Po) = 0. 
Combining the last two equalities, we get 
(fi fox) = BC/Po, 
or fı faa is an abelian differential holomorphic except at Po (BC > 1) with a 


simple pole at Po (%g+¢(Po) = 0). This contradiction (of Proposition II.5.4) 
establishes (4). 


Definition. g(D) = r(D7 +) — deg D — r(DZ~'). 
(5) For all Po € M, o(DPo) < ọ(D). 
We expand 
o(DPo) = r(D~* Po *) — deg(DPo) — r(DPoZ ~ ') 
=r(D t) +e— deg D — 1 — r(DZ-}) +8 
o(D)+e+e6 — 1< ọ(D). 


(6) p(D) = 1—g. 
Choose k e Z large so that 


deg(ZD 'P5*) <0 
where Po e M is arbitrary. By (5) and (1) 
p(D) > p(DP>) = r(D~* Po *) — deg(DP%). 
Hence, from (2) we get (6). 
(7) p(D) < 1 —g. 


Choose k large so that deg(D/P$) < 0. Then by the argument which is 
established in (5) and (1), 


o(D) < p(D/P>) = —deg(D/P$) — r(D/P§Z). 
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We shall now use (2) and Proposition IV.10.1 to obtain 
r(D/P6Z) = deg(PZ/D) + 1 —g 
= deg(P6/D) + (2g — 2) + 1 — g 
= deg(P6/D) — 1 + g, 
establishing (7). 
The Riemann-Roch theorem follows from (6) and (7). E 


Remark. The above is certainly a shorter and more elegant proof of the 
Riemann—Roch theorem than the one in III.4. The earlier proof was, in our 
opinion, more transparent than this one. 


The reader should now re-establish (using the Riemann—Roch theorem) 
the following: 

(1) The dimension of the space of holomorphic abelian differentials is g. 

(2) The dimension of the space of harmonic differentials is 29. 

(3) Let x,,..., x, be n distinct points of M and (Ci, a1 C, eo. A nec 
essary and sufficient condition that there exist an abelian differential œ, with 
œ regular on M\{x,,...,x,}, 


ord,,@ = —1, Res,,@ = cj 

is that 

rea 

j=1 

(4) Let x;,..., x, be n > 1 distinct points on M. Let z j be a local coordi- 
nate vanishing at x,, and let 
{akj E 

be complex numbers with k; < —1, kje Z,j=1,...,n. If Yj-1a;,_, =0, 
then there exists a meromorphic differential œ regular on MNN 


such that 
œ(z;) = ( 21 asz) dz;, Jie lar, gore, 
v=kj 


Furthermore, œw is unique modulo differentials of the first kind. 


IV.11. Algebraic Function Fields in One Variable 


In this section, we explore the algebraic nature of compact Riemann surfaces. 
We show that there is a one-to-one correspondence between the set of 
conformal equivalence classes of compact Riemann surfaces and the set of 
birational equivalence classes of algebraic function fields in one variable. 
We determine the structure of the field of meromorphic functions on com- 
pact surfaces and describe all valuations on these fields: 
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IV.11.1. In II.9 and IV.4, we briefly considered the space of germs of 
holomorphic functions. We gave a topology and complex structure to the 
set .@(M) of germs of meromorphic functions over a Riemann surface M. 
Let us change our point of view slightly. The elements of (M) will now 
merely represent convergent Laurent series with finitely many “negative 
terms”. Let us assume M = C u {oo}. Thus we are dealing only with con- 
vergent series f of two forms (here N is an arbitrary integer) 


Yaz — Zo)",  Zo€ Q, ay 0, (Taste) 
n=N 


or 


o0 1 n 
y a(:) > Gx 0: CED) 
Recall the projection and evaluation functions introduced earlier. For f 
given by (11.1.1), proj f = zo; while for f defined by (11.1.2), proj f = oo. 
Also, eval, f.= co if Ni< 0, eval f =a, if N =0,.and eval f = 01f N =0. 


IV.11.2. Let us take a component F of M(C U {o}) which is “spread” 
over a simply connected domain D c C ùu {oo}; that is, 


proj: F > D 


is surjective and every curve c in D can be lifted to F. Thus every germ in 
F can be continued analytically over D and the Monodromy theorem 
shows that ¥ is determined by a meromorphic function on D; that is, 
proj is conformal and there exists an F e X (D) such that for all z e D, 
proj‘ z is the germ of the function F at z. 

Let us now assume that D = 4* is the punctured disc {0 < |z| < 1}. We 
keep all the other assumptions on F (surjectivity of proj and path lifting 
property). Let us take an element f e F. It is represented by a convergent 
series of the form (11.1.1) with 0 < |zo| < 1. (Without loss of generality we 
assume |Zo| = Zo—this can be achieved by a rotation.) Since analytic conti- 
nuation is possible over all paths, we may continue f along a generator c of 
m,(4*) which we take to be the curve zọe®, 0 < 0 < 2n. There are now 
two possibilities: continuation of f along c* (ke Z) never returns to the 
original f (in which case the singularity of F at 0 is algebraically essential) 
or there is a smallest positive k such that continuation of f around c* leads 
back to the original function element f. 

In this latter case, we consider a k-sheeted unramified covering of A* by 
A* given by the map p:¢ > ¢*. We define a function F on A* as follows: 
If o E A*, we join z9/* to Ço by a smooth curve y in A* and set F(C,) to be the 
evaluation of the germ obtained by continuing f along p(y). It is clear that 
F is a locally well defined meromorphic function. We must show it is globally 
well defined. Let y, be another path joining z}/* to €. Then p(yy; +) is homo- 
topic to a power of c* and hence continuation of f along this path leads back 
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to f. Let us assume that f is regular over a deleted neighborhood of zero; 
that is, eval fe C whenever |proj f| is sufficiently small. The function F is 
now represented by a convergent Laurent series 


FC) =n DS ca, 0 < |¢| < £, € small. 
n=— 0 
If there are infinitely many negative integers n with a, #0, then F has an 
essential analytic singularity at 0. Let us assume that the resulting F is 
meromorphic. 


o0 


EO yy o Se ay 0. (11.2.1) 
N 


y= 
We can now represent ¥ by a single series (known as a Puiseaux series) 
of the form 


fig = ` a„z"'*, (11.2.2) 
n=N 


Without loss of generality we assume that the £ appearing in (11.2.1) is 1. 
How does f of (11.2.2) determine Z? In a neighborhood of each point 
zı € A*, z'* yields k distinct analytic functions. Substituting these into f 
gives k different function elements lying over z,. These function elements 
determine all the germs in proj '{z,}. These germs also define a neighbor- 
hood of the Puiseaux series (11.2.2) in the expanded space .4@* (consisting 
of Laurent and Puiseaux series). 

Clearly we can extend the domains of the functions proj and eval to 
include such Puiseaux series. We must be a little bit more careful than in 
dealing with Laurent series only. We must introduce an equivalence relation 
among Puiseaux series. The same germs in a neighborhood of f would be 
produced by the series A 

y aezk 
n=N 


with ¢ e C and e* = 1. Two such series will henceforth be identified. 

Note that proj and eval are still meromorphic functions on ⁄æ* and that 
a deleted neighborhood of a Puiseaux series consists only of Laurent series. 
We will now formally review all that we have done. 


IV.11.3. Let .@* be the collection of convergent Puiseaux series w of the 


form rhe 
Midday Uiz,e E (11.3.1) 
n=N 
(oe) 1 n/k 
3 af) ? ay # 0. (11.3.2) 
n=N 


We exclude the constant series (w = ay) from .@*. In the above, ke Z, k > 1. 
If k > 1 we assume that there exists an n > 0 with a, #0 and n/k ¢ Z (this 
can always be achieved), and that k has been chosen as small as possible 
with this property. We call such a k the ramification index of œ, ram w. 
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The space ./* comes equipped with two functions (into C ù {00}): 


= >C U {0} 
eval 
Cu {œ} 
. $29 if os given by (11.3.1), 
PO) co if w is given by (11.3.2), 
co nN <0; 
evalo = <ta N= 0: 
OIN O: 


Before proceeding, we must introduce an equivalence relation on M*. We 
shall say that œw e .@* is equivalent to © e M* (given by (11.3.1) or (11.3.2) 
with coefficients d,, Zo, k, N) provided 


proj œw = proj ®©, ram m = ram © =k, 
and there exists an ¢ € C with e* = 1 such that 
G = ea n= N NES ae 


From now on .@* will stand for the previously defined object with the same 
symbol modulo this equivalence relation. Note that ram, proj, and even 
eval are well defined on .@* (the new .4@*!). 

We topologize .@* as follows. Let wo be given by (11.3.1). Assume that 
the series coverges for |z — zo| < e. Let 0 < r < e. We define a neighborhood 
U(ao,r) of wo. Let z; e C with 0 < |z; — zo| < r. The “multivalued” function 
(Zz — zo)'/* determines k single valued analytic functions converging in 
{|z — z,]<e—r}—thus k distinct Taylor series in (z — z,). Substituting 
these Taylor series into (11.3.1) we obtain k convergent Laurent series. The 
collection of all such Laurent series (for all z, with 0 < |z, — zo| < r) plus 
the original wọ forms the neighborhood U(qo,r) of wọ. Next assume that 
wọ is given by (11.3.2) where the series converges for |z| > 1/e. Choose, again, 
O<r<e. For |z,|>1/r, the “multivalued” function z~'/* determines k 
convergent Taylor series in (z — z,) with radius of convergence > 1/r — 1/e. 
Substitute these functions into (11.3.2) and proceed as before. 

We see that with this “topology” (we will show next that the sets we have 
introduced do form a basis for a topology), a deleted neighborhood of any 
point wo E€ M* can be chosen to consist only of w e .@* with proj œ ¥ œ, 
eval œw # 00, and ram w = 1. 

Let w € U(m,,r1) A U(w2,r2). Assume that proj @ = Zo, proj œw; = z,, and 
proj œz = z, all belong to C, and that w is given by (11.3.1). We must find 
an r > 0 such that U(a,r) = U(@,,r,) © U(@,r2). Let us first assume that 
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w # w. Thusramw = 1. Lete, €j be the radii of convergence of œ, w;(j = 1,2). 
Then 0 < |z; — zo| <7; and e>e,— 7 (j= 102). Chooser = Osuch that 
{|z—Zo|<r}c {z= z| <r} an {|z — z2| < r2}. Then U(w,r) = U(@yr1) 0 
U(lwz,r2). 

We are then left with the case that w = w, = w,. Here we merely choose 
r=min(r,,r2). If proj œ or proj w; = © (j= 1,2), analogous arguments 
apply. Hence, the sets U(w,r) are a basis for the topology. 

The topology is actually Hausdorff. Let wje M* with wm, # œz. If 
proj œ, # proj œ, it is trivial to produce neighborhoods U(a,,r,) and 
U(@2,r2) such that U(@,,r,;) A U(@3,r3) is empty. So we assume Zọ = 
proj œ; = proj œw, € C. If ram œw, = 1 = ram ws, then the œ; determine 
meromorphic functions f; in some disk of radius r > 0 about zo. Since 
fı # fa (otherwise w; = @2), U(w,,r) a Ulwz,r) = Ø. (Otherwise, choose w 
in the intersection and obtain that in some open subset of |z — zo| < r both 
fı and f agree with the function defined by œ.) We are left to consider the 
case ram œw, > 1. Let œw, be given by (11.3.1), and œ, similarly with coefficients 
Gn, Zo = Zo, k. We have seen that œw; determines a single valued function 
F; on a punctured disc which covers the given punctured disk k(k) times. 
If F, # F3, then clearly we can choose non-intersecting neighborhoods of 
w, and œw, by the above method. So let us assume that F; = F,. Since 
©, # @, we must have ram œw, #ram œ. It is now easy once again to 
choose non-intersecting neighborhoods of œ; and w,. (The case with 
proj œw, € C U {x} is treated similarly.) 

We have shown that .@* is a Hausdorff space. Now we introduce local 
coordinates in .@*. Let œw be given by (11.3.1) we introduce a local coordinate 
t vanishing at w by 


(Z—Zole A 
If w is given by (11.3.2), t is defined by 
zi = fram a 


It is clear that we have introduced a conformal structure on .@*. Proj and 
eval are meromorphic functions in .@* (note that proj is no longer locally 
univalent.) Each component of .@* is a Riemann surface known as an 
analytic configuration. 

An analytic configuration S is determined by a single wy € S. Look at 
all w € S with ram œw = 1. Two points in .@* belong to the same component S 
if and only if they can be joined by a curve in .4@*. If the initial and terminal 
points of the curve are unramified, we may assume that the entire curve 
consists of unramified points. We thus see that an analytic configuration S 
can be described as follows: 


1. Take a fixed germ œwọ of a meromorphic function (= Laurent series). 

2. Continue this germ wọ in all possible ways to obtain a Riemann surface 
Soo M*. 

3. Take the closure S of Sọ in M*. 
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EXERCISE 


Let f be a “multivalued meromorphic function”. Then f~' (the inverse function) is 
again a “multivalued meromorphic function”. Show that the map ft+f~' defines a 
conformal involution on .@*. Use this fact to prove that the analytic configuration of a 
function and its inverse are conformally equivalent. 


IV.11.4. Theorem. Let S be an analytic configuration. The Riemann surface 
S is compact if and only if there exists an irreducible polynomial P in two vari- 
ables such that P(proj œ, eval œ) = 0, all œw e S. 


Proor. Assume S is a compact analytic configuration. Let @,,...,@, be 
the collection of points with either proj @; = œ or ram @; > 1. (Since f = 
proj is a meromorphic function on the compact Riemann surface S, f is a 
finite sheeted covering. The points we S with ram œw > 1 correspond to 
points œw with b,(w) > 0.) Let n be the degree of the function proj. Let z; = 
proj @;, and call z,,...,z, (oo is one of these points) the excluded points. 
If zo € Cis a non-excluded point, then there exist n distinct function elements 


@,,...,@, E S with proj wj = Zo. Form the elementary symmetric functions 
ao, . . - , 4, Of @y,...,@,. Note that œj is a Laurent series in (z — Zo). Thus 
a(z) = 1 
a,(z) = —@,(z) — +++ —@,(z) 


a(z) = @4(Z)@2(Z) + @4(Z)@3(Z) + ` ` ` + @n- 1(Z)@,(Z) 


The functions a4, . . . , a, are meromorphic functions on C U {00}\{z,,...,z,}. 
These functions are independent of the point zp. Near the excluded point 
z;, they grow like a power of |z — z,|. Thus the functions a, are rational 
functions of z ( e C(z) = X(C u {o})). Clearly at the non-excluded points 
the functions elements w satisfy the equation 


P(z,w) = w" + a,(z)w"" 1 +++: + a(z) = 0. (11.4.1) 


Equation (11.4.1) may be viewed as an equation over C(z) for the elements 
œ € S, or as an equation satisfied by two meromorphic functions z = proj, 
w = eval on S. Thus (11.4.1) also holds at the excluded points. We claim that 
every Puiseaux series œ that satisfies (11.4.1) is a point of S. Over every non- 
excluded point, we have exhibited n solutions of (11.4.1). These are all the 
solutions over such points, since the equation (11.4.1) has only n formal 
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(not necessarily convergent) power or Puiseaux series solutions at every 
point. Let z,, be an excluded point. Over Zm We have certain series, say 
@1,...,@,. Let nj = ram ð. Then )*_, nj =n and recall that such equi- 
valence classes of Puiseaux series represent n j distinct formal series. 

We postpone the proof of the irreducibility of P until after we have 
established the converse. To establish the converse, let P(z,w) be an irreducible 
polynomial in two variables. Assume that 


P(z,w) = ao(z)w" + a,(z)w"! +--+ + a(z) 


with a; € C[z]. Let R be the discriminant of P. Then R is a polynomial in 
z of lowest degree with (here p and q are polynomials) such that 


oP 
REPE Brag 


Furthermore, for zo € C, 


R(zo) = 0 + P(zo,w) = 0 has multiple roots. 


We again exclude the point œo and the zeros of R and the zeros of do. By the 
implicit function theorem, for any non-excluded zo, there are n distinct 
function elements (Taylor series) 
Ppt one ace 
such that 
P(z,o,(z)) = 0. (11.4.2) 


If we continue one of these function elements w; to another non-excluded 
point z;, we get another function element (over z,) that satisfies (11.4.2). 
Let us start with a fixed function element, say œ (that satisfies (11.4.2)) 
over a non-excluded point zo € C. It is clear that œ, can be continued along 
any path that avoids excluded points. Let z, be an excluded point. Without 
loss of generality we may assume that z, = 0 and that the unit disc A contains 
no other excluded points. It is also obvious that continuing any function 
elements œw (with proj œ € A*) around the origin will eventually lead back to 
w. Thus we are in the situation discussed in IV.11.2. The Laurent series œ 
about zero obtained in this way clearly satisfies (11.4.2). By including all 
the functions elements over the excluded points obtained in the above man- 
ner, we get a compact Riemann surface S (since it is a finite sheeted covering 
of C U {a«}). The elements of S satisfy a polynomial equation P,(z,w) = 0 
by the first part of the theorem. Since they also satisfy the irreducible equation 
P(z,w) = 0, P must divide P, and we have shown that all solutions of (11.4.2) 
are in S. The above also shows that the equation (11.4.1) is irreducible. Write 
(11.4.1) as 
| te ON fea (11.4.3) 
with P; irreducible and P, # P; for k # j. Note that P is not a power of an 
irreducible polynomial, since the n function elements lying over most points 
are distinct. Furthermore, each P, in (11.4.3) clearly determines a compact 
Riemann surface S; c S. Thus, S; = S and j = 1. oO 
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Definition. We shall say that S is the analytic configuration corresponding 
to the irreducible polynomial P. 


Corollary (of Proof). For every irreducible polynomial P, there is an analytic 
configuration corresponding to P. 


IV.11.5. Theorem. Let M be any Riemann surface. Let w, z e #(M)\C. There 
exists a canonical holomorphic mapping 
o:M > M* 

such that for all P e M, 

w(P) = eval(p(P)), 

z(P) = proj(p(P)). 
Proor. Let t be a local coordinate vanishing at P. Without loss of generality 
we may assume that for some ne Z, n > 1, 


Ae © Or -2(t) = 2) cal (11.5.1) 
If 
w(t)= >) at’, 
jz jo 
then we set ~(P) to be either 
yoa E a y (2a AMD 
jz jo jzjo 


depending on which case applied in (11.5.1). O 


IV.11.6. Proposition. If M is compact and w, z e X(M)\C, then there exists 
a polynomial P such that P(z,w) = 0. 


Proor. Let p be the map of the previous theorem. Since the image of @ 
is a compact component of .@*, z and w satisfy an algebraic equation by 
Theorem IV.11.4. E] 


Remark. The mapping p of Theorem IV.11.5 is one-to-one if, for example, 
the pair z, w separate points on M. The converse is not true. We begin with a 


Definition. We say that z, w e X (M)\C form a primitive pair provided the 
map o of Theorem IV.11.5 is one-to-one. 


IV.11.7. Proposition. If M is a compact Riemann surface and z e 4(M)\C, 
then there exists w € X (M)\C such that z, w form a primitive pair. 


PROOF. Let n = deg z. Choose ae C such that z~ ‘(a) consists of n distinct 
points x,,...,x,. By the Riemann inequality, there exists a non-constant 
meromorphic function w; on M such that 

w; has a pole of order v; > 1 at xj, and 

w; is holomorphic on M\{x;}. 
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Choose positive integers k,,..., k, such that 


kivi < kava < `- <k,v,, 
and set 
w= wi t +w. 


Then w € X (M) and the polar divisor of w is x41”! --- xk’ Let ọ be the 
mapping of Theorem IV.11.5 determined by z and w. We obtain this way 
n function elements w,,..., ©, with proj œ j = a. These elements are distinct 
since the Laurent series for the different œw; have different order poles at 
the point z = a. Let S = Image g. Then 


M 4 SSC u {oo}. 
Since deg proj ° g = n = deg z = deg proj, and 


deg proj o y = (deg proj) (deg 9), 
we conclude that deg ọ = 1. LJ 


IV.11.8. Corollary. If M is a compact Riemann surface and z € #(M)\C, then 
there exists an irreducible polynomial P in two variables z and w such that M 
is conformally equivalent to the analytic configuration corresponding to P 
with z being the proj function. 


IV.11.9. Proposition. Let M be a compact Riemann surface and z, w a primitive 
pair. Assume n = deg z, m = deg w. Let P be an irreducible polynomial satis- 
fied by the pair z, w. Then n = deg,, P, and m = deg, P. 


PROOF. We have 
P(z,w) = 0. 


Let x9 E€ M be such that z~ '(w(x,)) consists of precisely n points. Thus the 
degree of P in w is precisely n. o 


IV.11.10. Proposition. Let M be a compact Riemann surface and z, w a primi- 
tive pair. Assume deg z = n. Let f e X (M). Then there exist rational func- 
tions aj, j = 0,...,n — 1, such that 


f= S a,(z)w’. (11.10.1) 
j=0 


Proor. Let ¢ e C be such that z~ +(¢) consists of n distinct points x,,... ,Xp 
and such that w(x,),...,w(x,) consists of n distinct complex values (# 00). 
Let aol), ..., 4,—1(¢) be the unique solutions of the linear system 


n-1 


f(x) = } af(Qwy)’, | een eres 


j=0 
Note that 
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where 
l e) ee wen * 
walt wed E woe? 
1 woe) fens woes 


is the Vandermonde determinant (and thus det W =| |, <; (w(xj)— w(x;,)) £ 0), 
and W; is the matrix obtained by substituting the column 


CDI sa) ou MEAN 


for the (j + 1)-st column of W. The functions a,(¢) are independent of the 
ordering of the x;. They are defined except for finitely many ¢ e C. It is clear 
that they extend to meromorphic functions of (—thus rational functions. 
Equation (11.10.1) holds now for all but a finite number of points. Hence, 
everywhere by continuity. LJ 


Corollary. If M is a compact surface and z, w is a primitive pair as above, 
satisfying the irreducible equation P, then 


X (M) = C(z)[w]/P(z,w). 


Proor. The last equality means that .#(M) is isomorphic (as a field) to an 
algebraic extension of the field of rational functions. The isomorphism is 
the obvious one given by the previous proposition. If f € C(z)[ w], then clearly 


N . 
f= > a,(z)w’. 
j=0 


Thus f defines an element of .(M). Since P(z,w) goes to the zero element, 
of X (M), this mapping factors to a mapping from C(z)[w] into #(M). This 
mapping is surjective by the proposition, and injective because the domain 
is a field and the mapping is non-trivial. m 


IV.11.11. Example. Consider a hyperelliptic surface M of genus g = OF Let 
ze X (M) with deg z = 2. We have seen (III.7) that z has 2g + 2 branch 
points. Now Proposition IV.11.7 shows that there exists a w such that the 
pair z and w are primitive. By Proposition IV.11.6, z and w satisfy a poly- 
nomial equation 

w? — 2aw+c=0, 


where a, c e C(z). Completing the square in the usual manner, we rewrite 
the above as 
(w—a)?>+c—-a’=0. 


We make now a birational transformation 


(w—a)=w,, Z = Z}, 
and obtain 
wi =a -oe 
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Now a? — ce C(z) and thus can be written as 


with distinct eje C and be C(z). We now define one more birational 
transformation 


and obtain the equation (dropping the subscript 2) 


w? = I (z — e)). 
j=1 


Since all our birational transformations kept z fixed, the complex numbers 
e; can, of course, be identified. They are the finite branch values of z. Thus 
r = 2g + 1 if œ is a branch value, and r = 2g + 2 if œ is not a branch value. 

We have now reproven Proposition III.7.4 without the use of “paste 
and scissors”. 


EXERCISE 


Return to the situation studied in III.6.7. Let us take, for the function z on our 
surface M, the Weierstrass g-function. 
(a) Observe that g is an even function (that is, 


P(C) = ~(—“) for every complex number ¢) 


and hence its derivative g’ is an odd function. 

(b) Show that the only branch points for g are at the half-periods (the half-periods 
are the four points 0, 3, t/2, } + t/2 and their images under the group G). 

(c) Let e, = (5), e2 = e(t/2), and e, = v(4 + 1/2). Show that there exists a doubly 
periodic function f on the plane such that 


J? =4(9 — e1)(@ — e2)(@ — e3). 
(d) Prove that f = p’. Hint: Compare the divisors (f) and (g’) on M. 
IV.11.12. Definition. Let K be a field. By a (discrete) valuation (of rank 1) 
v on K, we mean a surjective homomorphism 
v:K* >Z 


(here K* is the multiplicative group of non-zero elements of K, and Z is the 
additive group of integers), such that 


o(f + g)> min{v(f)vlg)} f,ge K*. (11.12.1) 
Remark. By setting v(0) = + œ, we see that for all f, ge K 
v( fg) = v(f) + vlg), 
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and that (11.12.1) holds provided we use the usual conventions regarding 
+ 00. 


TV.11.13. Lemma. If v is a valuation on the field K, then for f and g e K 
v(f + g) = min{v(f),v(g)} 
provided v( f) # v(g). 


Proor. We may, without loss of generality, assume f # 0 # g and v( f) < v(g). 
Note that v(1) = 0 = v(— 1). Since for every odd integer n, we have 


v(1) = v(1") = nv(1), 
and 
v(— 1) = v((—1)") = mw(— 1). 


Also, v( f) = v(—f) for all f e K since 
o(—f) = v(—1) + v(f). 


Now we compute 
o(f) = o(f +g — g) = min{v(f + g),v(—g)} 
> min{min {v(f),v(g)},0(g)} = min {v(f),v(g)} = v( f). 


Hence all the inequalities must be equalities, and in particular 
o(f) = min{v(f + g),v(g)} = v(f + 9). a 
IV.11.14. To classify all valuations on #(M) we need the following 


Lemma. Let {Po,...,P,} be n+ 1 distinct points on a compact Riemann 
surface M. Then there exists an f € X (M) that separates these points ( f(P ) # 
S (Pi), j # k) with (df)(P;) #0, 00,7 =0,...,n. 


Proor. It suffices to show that for k =0,... ,n, there exists an fy € X (M) 
such that 


’ 


(P) =1, df, (P,) #0, œ, 
and 


S&P) =0=df(P), fj #k. 


Having established the existence of the fi, We may set f = SPE: 1)f;. It 
suffices to show existence of fy. Let P e M with P # P;, all j. Set 
ip 
P e PS 
with m e Z so large that deg D > max{g, 2g — 1}. Then 


D= 


l = deg D +1 1 
ri — = = 
5 eg Dilg S41, 
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and 


Po deg D 0 
re — : 
D 8 dis 


We choose hy € L(D~+\L(PoD +); that is, 
P? --- P? 

h,) > Aeled Oe} 

( o) = pm ’ 


Thus ordp, ho = 2, j= 1,...,n, and ordp, ho = 0. If ordp, dho = 0, we are 
done (fo = ho/ho(Po)). Otherwise, construct h, such that 


tele 


(ho) 2 + 


and set 


fo= ao + hn. m 


IV.11.15. Theorem. Let M be a compact Riemann surface. Then v is a valuation 
on X (M) if and only if there exists (a unique) x € M such that 


v(f) = ord, f, all f €e #(M). (11.15.1) 
ProoF. It is clear that (11.15.1) defines a valuation on % (M), so we need only 
prove the converse. Let v be given. Choose f e #(M) such that v(f) = 1. 


Clearly f ¢ C. (If Ae C, then v(A) = nv(A""), all n e Z. Thus v(A) = 0.) Let r 
be a rational function, then 


v(r(f)) = ordg r. (11.15.2) 


To establish (11.15.2), recall (that up to a non-zero constant multiple) 


ee Leola a;, Be C, 


[fact +8; 
and thus, 
Ure fjl= X vf —a)— > of — B,): 
j=0 j=0 


By Lemma IV.11.13, v(f — A) =0 unless A = 0, in which case v(f — A) = 
v(f) = 1. This establishes (11.15.2). Let P,,..., P,, be the zeros of f listed 
according to their multiplicities. Let F € #(M) be arbitrary. By Propositions 
IV.11.6 and IV.11.9, F satisfies an equation 


neal 
F"+ ¥ r(f)Fi =0, with r; rational functions. 
j=0 
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Thus, by (11.15.2) 
nv(F) > min {ordo r; + ju(F),j =0,...,n— 1}. 


If v(F) < 0, then ordo r; < 0 for some j = 0,...,n — 1. Since r;(0) is a sym- 
metric function of the values of F at the points P,,..., P,, we see that F 
must have a pole at one of these points. Similarly, if v(F) > 0, then v(F~!) < 0 
and F must vanish at one of these points. We conclude that v(F) = 0 when- 
ever 0 4 F(P;) 4 00, j = 1,..., n. From now on we assume (without loss of 
generality) that {P,,...,P,} are the distinct zeros of f. (We are changing the 
meaning of the symbol n.) Let h be a function holomorphic and non-zero 
at P,,..., Pa. Further, choose an h that separates these points with dh not 
zero at these points. We have v(h) = 0. Consider the function 


f 
Maene 


that is holomorphic and non-zero at P,,..., P,. Thus 


1=(f)= $ (ordp, f)v(h — h(P})). 


Since v(h — h(P,)) > 0, there is a unique k such that 
v(h a h(P,)) == 1 = ordp, jé 


(and v(h — h(P;)) = 0, j # k). Now take an arbitrary F € X (M), and consider 


the function 
F 


His (h mr KEA 


whose value under v is zero. Hence 


v(F) = 5 (ordp, F)v(h — h(P;)) = ordp, F. (= 
j=1 


y 
IV.11.16. Theorem. Let M and N be compact Riemann surfaces. Let 
F:X(N)> X (M) (11.16.1) 


be a C-algebra homomorphism (thus injective). Then there exists a unique 
holomorphic map 
F*:M >N (11.16.2) 
such that 
(Ff)(x) = f(F*(x)), all f € X(N), all xe M. (11.16.3) 


PrOOF. Let x e M. Define a valuation v, on X(N) by 
v,(f)=ord, Ff, fe X(N). 
By Theorem IV.11.15, there exists a unique point F*x e N such that 
ord, Ff = v,(f) = ordp, f, fe X(N). (11.16.4) 
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This defines our mapping F* of (11.16.2). We claim that F* has the property 
(11.16.3). This is clear for those x with f(F*(x)) =0 or œ, and is clear in 
general from the following argument. Let 4 e C. Then by (11.16.4) 
f(F*(x)) = à= ordro (f = A) > 0 
<= ord, F(f — A) = ord,(Ff — A) >0 
<>(Ff)(x) = À. 

We claim that F* is a continuous mapping. Let {x,} be a sequence on 
M, with lim, x, =x. If F*x, does not converge to F*x, then (since N is 
compact) there must be a subsequence that converges to y 4 F*x. We may 
assume that the entire sequence {F*x,} converges to y. Now there is an 
f e X(N) with f(y) = 0 and f(F*x) = 1. Thus 

SES) = (FF) (%,) > (FAO) = f(F*x) = 1, 
and 
IE *X,) > f(y)'= 0: 


This contradiction establishes the continuity of F*. 

We show next that F* is holomorphic. Let xe M be arbitrary. Choose 
an f e X (N) such that f is univalent in a disc U about F*(x). Clearly Ff ¢ C. 
There is thus a disc V about x such that 

F*(V)<cU and (Ff)(V)c f(U). 


Thus = E Ff ins. 
Uniqueness of F* follows from the fact that #(N) separates points. UO 


IV.11.17. The map F +> F* is a functor, since we have 


Corollary 1 


a. Let F:4/(M) > X (M) be the identity, then F*:M —> M is also the identity. 
b. If #(M;) x AX (M2) a AX (M3) are C-algebra homomorphisms, then 


Caneda i a 
Corollary 2. If F is an isomorphism (surjective), then F* is a homeomorphism. 


Since the holomorphic mapping (11.16.2) between compact Riemann 
surfaces induces the homomorphism (11.16.1) between their function fields 
that is defined by (11.16.3), the functor under discussion establishes an 
equivalence between two categories. 


Remark. Theorems similar to III.11.16 can be established for the ring of 
holomorphic functions and the field of meromorphic functions on open 
Riemann surfaces. If M is an open Riemann surface, {x,} is a discrete 
sequence of points of M and {yv,} is a sequence of positive integers, then 
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there exists a holomorphic function f (€ 4#(M)) such that f is non-zero on 
M — {x,} and ord, f =v,. This result easily implies that every maximal 
principal ideal J in M is the ideal of functions vanishing at a point x € M. 
This classification of (some of) the ideals of #(M) can be used to prove 
that C-algebra isomorphisms between rings (fields) of holomorphic (mero- 
morphic) functions on open surfaces are induced by conformal maps 
between the corresponding surfaces. For the study of the field of mero- 
morphic functions one needs to show that Theorem II.11.15 is valid on 
open surfaces (thus an algebra isomorphism between fields of meromorphic 
functions maps holomorphic functions to holomorphic functions). 


CHAPTER V 


Automorphisms of Compact Surfaces— 
Elementary Theory 


In this chapter we develop the basic results on the automorphism group of a 
compact Riemann surface, continuing the study began in III.7. Some of the 
deeper results will have to await the creation of more powerful machinery. 

Using quite elementary methods, we study the action of the group of 
automorphisms on various spaces of differentials. 


V.1. Hurwitz’s Theorem 


Throughout this section, M is a compact Riemann surface of genus g usually 
(but not always) > 2, and Aut M denotes the group (under composition) of 
conformal automorphisms of M. 

The most important result of this section is the theorem referred to in 
the title (Theorem V.1.3). We also obtain various bounds on the order of 
an automorphism of a compact Riemann surface of genus >2 in terms of 
the number of fixed points of the automorphism. We also generalize the 
concept of hyperellipticity. The methods of proof in this section are mostly 
combinatorial and involve the examining of many special cases. 


V.1.1. The next result will be strengthened considerably in V.1.5. 


Proposition. If 1 # T e Aut M, then T has at most 2g + 2 fixed points. 


PROOF. Since M is compact and the fixed point set of T is discrete, the fixed 
point set is finite. Choose a P € M that is not a fixed point of T. There is a 
meromorphic function f on M whose polar divisor is P” withl1 <r<g+1 
(r =g + lifg > 2 and P is nota Weierstrass point or g < 1,r < g, otherwise). 
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Consider the function h = f — fo T. Its polar divisor is P’(T~1P)’. The 
function h thus has 2r < 2g + 2 zeros. Each fixed point of T is a zero of h. 
Thus T has at most 2g + 2 fixed points. E 


V.1.2. We assume now that g > 2. Let W(M) be the (finite) set of Weier- 
strass points on M. Recall that W(M) consists of at least 2g + 2 points and 
precisely 2g + 2 points if and only if M is hyperelliptic. 


Proposition. If T € Aut M, then T(W(M)) = W(M). 


PROOF. As a matter of fact the gap sequences (with respect to q-differentials, 
q = 1)at PEM and at TP are the same. El 


We define Perm(W(M)) as the permutation group of the Weierstrass 
points on M. 


Corollary 1. There is a homomorphism 
A:Aut M > Perm(W(M)). 


Furthermore, À is injective unless M is hyperelliptic, in which case Kernel À = 
<J>, where J is the hyperelliptic involution. 


ProoF. The existence of 4 follows from the proposition. If M is not hyper- 
elliptic, then there are more than 2g + 2 Weierstrass points. By Proposition 
V.1.1, only the identity fixes all the Weierstrass points and thus å is injective. 

If M is hyperelliptic, then by Proposition III.7.11, an element rec» 
has at most 4(<2g + 2) fixed points. Of course, J fixes all the Weierstrass 
points. oO 


Corollary 2 (Schwarz). If M is a surface of genus g 2 2, then Aut M is a 
finite group. 


Proor. We have produced a homomorphism of Aut M into a finite group (the 
permutation group of a finite set), and the homomorphism has a finite 
kernel. E 


V.1.3. Having seen that Aut M is a finite group, we naturally want to get 
a bound on its order. 


Theorem (Hurwitz). Let N be the order of Aut M, where M is compact 
Riemann surface of genus g > 2, then 


N < 84(g — 1). 


ProoF. Consider (recall the discussion in III.7.8) the holomorphic projection 
(abbreviate Aut M by G) 
n:M > MJG. 
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We know that z is of degree N, and M/G is a compact Riemann surface of 
genus y. The mapping z is branched only at the fixed points of G and 


b,(P) = ord Gp — 1, all Pe M. 


Let P,,...,P, be a maximal set of inequivalent (that is, P, # h(P,), all 
he G, all j # k) fixed points of elements of G\{1}. 

Let v; = ord Gp,. Then (using either group theory or covering space 
theory) there are N/v, distinct points on M equivalent under G to P j— each 
with a stability subgroup of order v; (if h takes P to Q, then Gg = hGph` t). 
Thus the total branch number of z is given by 


r 


B=Y (yl) = NY, (1-=). 


feats w 


The Riemann-Hurwtiz relation now reads 
p 1 
2g —2=N(2y—2)+N y (: = 2), (1.3.1) 
j=1 j 


Note that v; > 2 and thus $ < 1 — 1/v; < 1. The rest of the proof consists of 
an analysis of (1.3.1). It is clear (since we may assume that N > 1) that g > y. 
We consider possibilities: 


Case Iy > 2: 
In this case we obtain from (1.3.1) that 

29g-222N or N<g-1l. 
Case II: y = 1. 


In this case (1.3.1) becomes 


27 = N I (i = 2), (1.3.2) 


If r = 0, then also g = 1 (we assumed g > 1). This is the basic fact (the left 
hand side of (1.3.1) is >2) that will be used repeatedly. Thus (1.3.2) implies 


2g -2>4N or N< 4g -1). 
Case III: y = 0. 


We rewrite (1.3.1) as 


2g-H= “(5 (i k 7 X 2), (1.3.3) 


Pes 


(since 2(g — 1) > 0, N > 1, and (1 — 1/v;) < 1 for each j). 


and conclude that 
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If r > 5, then (1.3.3) gives 
2(g-1)>4N or N<4g-—1). 
If r = 4, then it cannot be that all the v; are equal to 2. Thus, at least one 
is >3, and (1.3.3) gives 


29g —1)>NG+%-2) or N< 12-1). 
It remains to consider the case r = 3. Without loss of generality we assume 
2 < Vi < vV S V3. (1.3.4) 


Clearly v, > 3 (otherwise the right hand side of (1.3.3) is negative). Further- 
more, v, > 3. If v3 > 7, then (1.3.3) yields 


29-Y>NG+44+$—-2) or N< 84g — 1). 


If v} = 6 and v; = 2, then v, > 4 and 


N < 24(g — 1). 
If v3 = 6 and v; > 3 (recall (1.3.4)), then 

N < 12(g — 1). 
Ifv, = 5 and v, = 2, then v, > 4 and 

N < 40(g — 1). 
If v3 = 5 and v; > 3, then 

N < 15(g — 1). 
If v3 = 4, then v; > 3 and 

N < 24g — 1). 


This exhaustion (of cases) completes the proof. 


EXERCISE 
We outline below an alternate proof of Hurwitz’s theorem. 


(1) Represent M as U/I where U is the upper half plane and I is a fixed point free 
Fuchsian group. 


(2) Show that N(T`) = normalizer of F in Aut U is Fuchsian and that Aut M = N(L)/T. 


(3) Use the fact that n: U/I > U/N(L) is holomorphic to conclude that N(I) is of 
finite type over U. 


(4) Observe that 
deg xn = [N(I):T], 
where deg z = degree of x, and [N(I’):I’] = the index of F in N(T). 
(5) Show that 
Area(U/T) 


Area(U/N(r)) A 
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(6) Prove that for any Fuchsian group F of finite type over U, we have 
Area(U/F) > —. 
21 
(7) Since Area(U/I) = 4n(g — 1), conclude Hurwitz’s theorem. 


V.1.4. To simplify the statement of results, we introduce the following 
notation. For f a non-constant meromorphic function on a compact 
Riemann surface M(f € #(M)\C), let deg f be the degree of f, then (of 


course) 
deg f = deg D, 


where D = f~'(00). For T € Aut M, ord T will denote the order of T and 
v(T) the number of fixed points of T. Our next result is similar to Proposi- 
tion V.1.1. 


Proposition. Let f € X (M)\C and 1 # T € Aut M. Assume that v(T) > 2 deg f. 
Then f = f © T and deg f is a multiple of ord T. If in addition, deg f is prime, 
then ord T is prime and M/<T) = C U {oo}. 


Proor. Consider h = f — f - T. If h¢ C, then deg h < 2 deg f — r, where 
0 < r < deg f and r is the number of poles of f fixed by T. Each fixed point 
of T that is not a pole of f is a zero of h. Thus, h has v(T) — r > 2 deg f-r 
zeros. This contradiction shows that he C, and since T fixes points which 
are not poles of f, h = 0. Thus, f projects to a well-defined function f on 
M/<T >. In particular, 


~ 


deg f = (deg f)(ord T). 
If deg f is prime, then deg f = 1 and thus M/<T) = C U {oo}. m 


Remark. The fact that f is invariant under T shows that T has finite order. 


V.1.5. In this section, M is a compact surface of genus g > 2. 


Proposition. For 1 # T € Aut M, 


2g 

< —- 1.5.1 

Ua g aTe l ) 

Proor. Apply the Riemann-Hurwitz relation to the natural projection 
M > M/XT). If the range has genus y, then 


ord i—i 


(2g — 2) = (ord T)(2y — 2) + X (TÌ). (1.5.2) 


We must explain the evaluation of the total branch number B of the pro- 
jection appearing in the above formula. Clearly B is the weighted sum of 
the fixed points of <T»; each fixed point appearing one less time than the 
order of its stability subgroup. This is exactly the contribution for B in 
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(1.5.2). We use now the obvious inequality v(T) < v(T’),j = 1,..., ord T — 1, 
and conclude 


(2g — 2) > (ord T)(2y — 2) + v(T)(ord T — 1), 


2g (2y)(ord T) 
Oe a Teao oA 


from which (1.5.1) follows. CJ 


or 


Corollary 1. If ord T is prime, then 


2g — 2y(ord T) 


LANA Kear ordT—1 ’ 


where y is the genus of M/<T). In this case, equality holds in (1.5.1) if and 
only if y = 0. 
ProoF. If ord T is prime, then v(T) = (T, j =1,..., ord T — 1. o 


Remark. In general, (even if ord T is not prime) if equality holds in (1.5.1), 
then y = 0. 


Corollary 2. In general, v(T) < 2g — 1 if M is not hyperelliptic. 


Remark. For hyperelliptic surfaces we have, in general, better bounds 
(provided g > 3). See Proposition II.7.11. 


PROOF OF COROLLARY. From Corollary 1, an automorphism of order 2 
has precisely 2g + 2 — 4y fixed points. Since M is not hyperelliptic, y > 1. 
Hence for such an automorphism v(T) < 2g — 2. If ord T > 3, then v(T) < 
2 +g. Now 2g — 1 > 2 + g unless g = 2. But in genus 2, every surface is 
hyperelliptic. LJ 


V.1.6. We now give two examples to show that our results are sharp. 


EXAMPLE 1. Consider the hyperelliptic Riemann surface of genus g > 2, 
w? = (z—e,)°°- (z — €29+2), 


here €;,...,@2,4 are 2g + 2 distinct complex numbers. The hyperelliptic 
involution is described by 


(z,w) + (z, — w). 


It clearly has 2g + 2 fixed points: z~'(e)), j = 1,..., 2g + 2; and the points 
over infinity (that is, the two points in z~ !(00)) cannot be fixed. We introduce 
some symmetry now by setting e,, 14; = —e;, j=1,...,g + 1. (Hence we 
are assuming also e; #0, for every j.) Thus the hyperelliptic surface is 
represented by 

w? = (2? — 02) ---(2? ey). 
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Here we have the additional automorphism T of period 2 given by 
(z,w) > ( ra Z,w). 


How many fixed points does this automorphism T have? Clearly the 
quotient surface is 


w? = (z-e?) (z — e244), 


which is of genus (g — 1)/2 if g is odd, and of genus g/2 if g is even. In the 
former case, v(T) = 4 and in the latter v(T) = 2. What are these fixed points? 
They clearly must be the two points over 0 in the later case, and the four 
points lying over 0 and œ in the former case. 
We now introduce hyperelliptic surfaces with another symmetry: Let 
e = exp(2ni/(2g + 2)) and let e; = &/, j=1,..., 2g + 2 and define an auto- 
morphism T of order 2g + 2 by 
(z,w) > (€z,w). 
The only possible fixed points are over 0 and œo. We will now examine 
the Taylor series of w at the origin and at œ to show that T has 2 fixed 


points (lying over zero). Note that the Riemann surface is represented by 


the equation 
w2 = z2gt2 2 ih 


The two function elements lying over zero are then 


w(z) = si » ages) with ay = 1. 
j=0 

Clearly these two are fixed under T. At infinity ¢ = 1/z is a good local 

coordinate, and the function elements over œ are 


w(6) = al Boo with bọ = 1. 
=0 


J 


Thus T interchanges these two function elements. Similarly, T* fixes the 
two points lying over 0, and T* sends a function element lying over oo 
onto the element times e*%*!). Thus T* has 4 fixed points if and only if 
k = 0 mod 2, and T* has only 2 fixed points otherwise. 


EXAMPLE 2. Consider the Riemann surface defined by the equation 

w? EF (z 5 e) (z = ez) pig (z pri e,), 
with r > 2 and e4, ..., e, distinct complex numbers. We first compute its 
genus. The surface is a 3-sheeted covering of the sphere. It is branched 


(with each branch point of order 2) over the points e,,..., e,. It is branched 
over oo if and only ifr + 1 4 0 mod 3. Thus, the genus of the surface is 


r—2, ifr=2 mod 3, 
and 
r— 1, ifr #2 mod 3. 
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An automorphism T of this surface given by 


2ni 
(z,w) +> (z,ew), with € = exp (5) 
For r = 5 (thus g = 3) it has 5(=2g — 1) fixed points. More generally, for 
r = 2 mod 3, the surface has genus r — 2 and the automorphism has r fixed 
points (=g + 2). Similarly, if r # 2 mod 3 the surface has genus r — 1 and 
the automorphism has r + 1 fixed points (=g + 2). 


EXERCISE 


Let a be an arbitrary complex number and let M, be the Riemann surface of the 


algebraic curve 
a 1 
(142+2)(14+w+2)- : 
Z w 


(a) Compute the genus of M,. 

(b) Consider the case = 1. Show that M, is conformally equivalent to the 
Riemann sphere and find explicitly a conformal map of M, onto Cu {oo}. 

(c) The surface M, has several automorphisms; consider the group of auto- 
morphisms generated by 


ztel/z and ww, 

zez and wt+l/w, 
and 

z=w and wz. 
Under the isomorphism from part (b), identify this group with a subgroup of 
PS D216): 


V.1.7. Theorem. Let M be a compact surface of genus g > 2. Let 1 4 Te Aut M. 
If v(T) > 4, then every fixed point of T is a Weierstrass point. 


Proor. We may assume that n = ord T is prime (if not, there is a j such that 
T is of prime order, and clearly every fixed point of T is a fixed point of 
Eet 

m:M>M/KT) =M 


be the canonical projection, and let y be the genus of M. The Riemann- 
Hurwitz formula yields 


2g — 2 = n(2y — 2) + (n — 1)v(T). (1.7.1) 
Let P e M bea fixed point of T and P = n(P) c M . There is a non-constant 
function f € X (M) such that f is holomorphic on M \{ĝ} and f has a pole 


at P of order <y + 1. Let f = f o n (f is the lift of f to M). Then f € X (M), 
f is holomorphic on M\ {P}, and ordp f < n(y + 1). We now use (1.7.1) and 
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the hypothesis v(T) > 4 to conclude 


2g — 2 = n(2y — 2) + (n— 1)v(T) > n(2y — 2) + 4(n — 1), 
or 
g+1>n(y + 1). 


It follows that P is a Weierstrass point on M. E, 


V.1.8. Theorem. Let M be a compact surface of genusg > 2. Let 1 + Te Aut M 
with n= ord T, a prime. Let g be the gam of M = MKT» (thus, v(T) = 

2 + 2(g — ng)/(n — 1)). Suppose that g >n 79 + (n —1)?, and that there is a 
1 # Te Aut M with v(T) > 2n(ĝ + 1). Then: 


Each fixed point of T is a fixed point of T and ord T < ord T = n. (1.8.1) 


If ord T =n, then Te <T). (1.8.2) 

<T is anormal subgroup of Aut M. (1.8.3) 

If n = 2, T is in the center of Aut M. (1.8.4) 

ProoF. Let P;,..., Pyg) be the fixed points of T. As in the proof of the last 


theorem, for each j, there is a non-constant f, holomorphic on M\{P;} 

with a pole at P; of order <n(J + 1). It therefore follows from Proposition 

V.1.4 that f; = pe T for each j and thus T(P;) = P;. We have thus verified 

the first part of (1.8.1). In particular, v(T) > v(T). We rewrite 
g>n?g+(n—1)* 


in the form (add (n — 1)g to both sides and simplify) 


Gane gt Neat) (1.8.5) 
Wea n 
We continue with 
E 2(g — 1 
(T) > (T) =2 + BaP 24294" 


2 Sig 2 
=2+2 421 T 
n n 


(The first strict inequality being a consequence of (1.8.5).) By Proposition 
V.1.5, 
2g 


(T) < 2 De dered: 


and hence ord T < n, finishing the proof of (1.8.1). 

Assume ord T = ord T. Both T and T are in the stability subgroup (of 
Aut M) of P,. Since this stability subgroup is a cyclic rotation group 
(Corollary to Proposition III.7.7), it is clear that <T> = <T). L 

Next, let Be Aut M and set C = B`! o To B. Then ord C = ord T; and, 
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by the inequality on g, v(C) = v(Ť) = 2 + 2g — nĝ)/(n — 1) > 2n(G + 1). 


Thus by (1.8.2) Ce <T> or <T> is normal in Aut M. We have established 
(1.8.3) and hence also (1.8.4). E 


Remark. The above generalizes the fact that on a hyperelliptic surface M 
(of genus >2) any automorphism with more than 4(=2 :2(0 + 1)) fixed 
points must (be the hyperelliptic involution and hence must) commute with 
every element of Aut M. 


V.1.9. We wish to generalize slightly the concept of hyperellipticity. A 
compact Riemann surface M will be called y-hyperelliptic (y € Z, y = 0) 
provided there is a compact Riemann surface M ofgenus y and a holomorphic 
mapping of degree 2 
1:M >M. 

Thus, a y-hyperelliptic surface is a two sheeted covering of a compact surface 
of genus y, with “O-hyperelliptic” corresponding to our previous notion of 
“hyperelliptic”. 

It is immediately obvious that on every y-hyperelliptic surface M, there 
is a y-hyperelliptic involution; that is, a J, e Aut M with 


ord J, = 2, v(J,) = 2g + 2 — 4y. 


Theorem. Let M be a y-hyperelliptic surface of genus g > 4y + 1. We have: 


If 14 Te Aut M with v(T) > 4(y + 1), then T = J,. (1.9.1) 
J, is in the center of Aut M. (1.9.2) 
If f € H(M)\C, and deg f < g + 1 — 2y, then deg f is even. (1.9.3) 


PROOF. Statements (1.9.1) and (1.9.2) are immediate consequences of the 
preceding theorem. Note that 2 deg f < 2g + 2 — 4y = v(J,), thus by Propo- 
sition V.1.4, f = f > J, and deg f is a multiple of ord J, = 2. oO 


Corollary 1. The y-hyperelliptic involution on a surface of genus g is unique 
(if it exists) provided g > 4y + 1. 


PRooF. The y-hyperelliptic involution has 2g + 2 — 4y fixed points, and 
2g + 2 — 4y > 4y + 4 if and only if g > 4y + 1. The uniqueness now follows 
from (1.9.1). E 


Corollary 2. If y, r are non-negative integers with r > 0 and g > 4y + 1 + 2r, 
then a surface of genus g cannot be both y-hyperelliptic and (y + r)-hyperelliptic. 
In particular for g > 3, a surface of genus g cannot be both hyperelliptic and 
1-hyperelliptic. 


Remark. In V.1.6 we have seen examples of surfaces of genus 2 and 3 that 
are both hyperelliptic and 1-hyperelliptic 
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PROOF OF COROLLARY 2. Suppose M is both (y + r)- and y-hyperelliptic, then 
J,+, has 


2g + 2 — 4(y + r) > 4(y + 1) 
fixed points. Thus J y+r = J,, which is only possible if r = 0. O 


V.1.10. Proposition (Accola). Let M be a compact surface of genus g > 2. 
Let G, G; be subgroups of Aut M such that G = Ui=1 Gj and Gin Gj = {1} 
for i + j. Assume ord G; = n;, ord G = n, and let y = genus of M/G, y; = genus 
of M/G;. Then 
k 
(kK—1g+ny= >) ny, (1.10.1) 
j=1 
PRooF. Let us denote by B and B j the total branch number of the canonical 
projections 
M-M/G, M > M/G,. 
Obviously 
B= f (ord Gp — 1) 
PeM 

(with Gp, the stability subgroup of G at P e M), with a similar formula for 
B;. Now if Gp is nontrivial, it is cyclic and generated by some T e G. Clearly 
T € (G;)p for some j. It follows easily from these observations that 


& 

II 
1M > 

& 


We now use Riemann-Hurwitz 

2g — 2 = n(2y — 2) + B, 

2g —2=n,(2y; — 2) + B;. 
Summing the last expressions over j, subtracting the first, and using the fact 
that n =  4-; nj — (k — 1), we get (1.10.1). = 


Corollary. Let M be a surface of genus 3. Assume there is a subgroup G of 
Aut M with G = Z, ® Z3, and M/G of genus zero. If one element of G\{1} 
operates fixed point freely, then M is hyperelliptic. 


ProorF. The group G can be decomposed as in the theorem with k = 3 and 
nı = n, =n, = 2. Hence 


TW fie a ET 
Since one of the elements of G operates fixed point freely, one of the y; 
must be equal to 2. The other two cannot both be positive. go 


A consequence of the corollary is the 


Theorem. A smooth two-sheeted holomorphic cover of a surface of genus 2 is 
hyperelliptic. 
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First Proor. By Riemann—Hurwitz, the cover M has genus 3. The fact that 
M is a two-sheeted cover shows that it carries an involution E (the sheet 
interchange); the involution is fixed point free because the cover is un- 
ramified. To apply the corollary, we must produce another involution on 
M. The second involution J is the lift of the hyperelliptic involution from 
the surface of genus 2. We need to explain why the involution on the surface 
of genus 2 can be lifted to M. The general theory tells us that an 
automorphism can be lifted to a smooth cover provided the automorphism 
preserves the defining subgroup of the cover. In the case of abelian covers, 
those for which the covering group is commutative, there is a simplification. 
In this case, the defining subgroup contains the commutator subgroup of 
the fundamental group. Therefore, we can in effect consider the action on 
the hyperelliptic involution on the image of the defining subgroup in the 
first homology group of the surface which is isomorphic to the fundamental 
group factored by its commutator subgroup (see also V.3.3). The hyper- 
elliptic involution acts as minus the identity on the homology group; so all 
subgroups are preserved. 

The lift J of the hyperelliptic involution can always be chosen so that it 
has fixed points (because we are lifting a map with fixed points). The map 
J can have four or eight fixed points. In general, by the corollary we need 
only show that E and J generate the Klein four group. This follows from 
the observation that E o J and Jo E are also lifts to M of the hyperelliptic 
involution on the surface of genus 2 and must hence coincide. 


SECOND (more elegant) PROOF. As we shall see in V.2.4, the fixed point free 
involution E on M acts on the space of abelian differentials of the first kind 
(on M). The eigenvalues for this action are +1. The eigenspace for the 
eigenvalue 1 is 2-dimensional (this eigenspace consists of the lifts to M of 
the holomorphic differentials on the surface of genus 2 and these differen- 
tials are, of course, invariant under the action of E); let 0} and 0, be two 
linearly independent differentials in this space. The eigenspace for the 
eigenvalue — 1 is 1-dimensional (this eigenspace consists of anti-invariant 
differentials); let œ be a non-trivial element of this space. Each of the three 
differentials œ, 0,, and 0, have the property that they vanish at a point 
Q eM if and only if they vanish at E(Q). Let P be a zero of œ. Clearly we 
can find a non-trivial linear combination 0 of 0, and 0, that vanishes at P. 
Now o and @ are linearly independent and vanish at P and E(P) Æ P. Thus 
i(PE(P)) = 2 and by Riemann—Roch r(1/PE(P)) = 2. ir] 


V.1.11. We record for future use the following simple 
Proposition. Let M be compact Riemann surface of genus g < 2. If T € Aut M 


is of prime order n, then n < 2g + 1. 


PROOF. Let v = v(T) and use Riemann—Hurwitz with respect to the projec- 
tion z:M > M = M/XT)Y onto a surface of genus ĝ. 


2g — 2 = n(2g — 2) + v(n — 1). (1.11.1) 
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Assume n > 2g. 


If J > 2, then n(2g — 2) > 2n > 4g; a contradiction. 

If J = 1, then v 4 0 and v(n — 1) > 2g — 1; again a contradiction. 

If g =0, then v> 3. Assume first that v > 4, then —2n + v(n — 1) > 
2n — 4> 4g — 4; a contradiction. 

If v = 3, then (1.11.1) reads 2g — 2 =n — 3 or n = 2g + 1. 


Remark. Proposition V.1.11 has shown that the maximal prime order of 
an automorphism is 2g + 1 and that in this case the automorphism T has 
3 fixed points and M/<T is the Riemann sphere. Examples of such Riemann 
surfaces are those defined by the equations 


2g+1 


w = (z — e,)""(z — e2)*(z — e3)”, 


where e, e2, e3 are distinct complex numbers and X1, X2, %3 are positive 
integers such that a, + «, +a; =0 mod(2g + 1), and 2g + 1 is a prime 
number. The automorphism T sends w into exp(27i/(2g + 1))w and fixes z. 
A natural question to ask is what are some other possible prime orders. We 
shall see in the next section that the only prime order >g other than 29 +1 
is g + 1. In this case T will turn out to have 4 fixed points and once again 
M/<T > will be the Riemann sphere. 


V.2. Representations of the Automorphism Group 
on Spaces of Differentials 


Let M be a compact Riemann surface of genus g > 2 and Aut M the group 
of conformal automorphisms of M. In this section we study the representa- 
tion of Aut M on the space of holomorphic q-differentials on M, HM), 
q = 0. With the aid of the representations, we will improve many results of 
the previous section. 


V.2.1. Let us begin by observing that a product of a holomorphic q,- 
differential with a holomorphic q,-differential is a holomorphic (q; + q2)- 
differential. Thus the direct sum 


H(M) = P (M) 
q=0 
is a commutative graded algebra. 
Let T e Aut M and ọ € #%(M), then T acts on ọ to produce 
TOO) i 


(Say that @ in terms of the local coordinate z vanishing at P e M is given by 
L(z) dz*. Choose a local coordinate ¢ vanishing at TP. Assume that in terms 
of these local coordinates T~' is given by z = f(¢). Then Tọ in terms of the 
local coordinate ¢ is given by p(f(C))f'(0)7 dl4.) We note several properties 
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of this action of T on differentials: 
a. For T,, T, € Aut M, pe #%(M), 
(T, ° T2)p = T;(T 29). 
b. For each T e Aut M, 
T: 44M) > HM) 


is a C-linear isomorphism. 
c. For T e Aut M, 9; € #4(M), j = 1, 2, 


T(p:92) = (Tp,)(T@2). 
d. For 0 # pe #%(M), T e Aut M, Pe M, 
ordrp To = ordp Q. 


Proposition. We have defined a representation of Aut M on #4%(M) (that is, 
a homomorphism of Aut M into Aut(#%(M))) as well as a graded representa- 
tion of Aut M on X (M). For q > 1, the representation on #°(M) is faithful, 
except for g = 2 = q in which case the kernel of the representation is precisely 
<J>, J = hyperelliptic involution. 


Proor. Assume T # 1, T e Aut M. Exclude for a moment the case where 
T = J (in particular M is hyperelliptic in the excluded cases). There is thus 
a Weierstrass point P e M with TP # P. Therefore, there isa0 4 p € X (M) 
such that ordp > g. If To? = ¢4, then ° has at least gq zeros at P and gq 
zeros at TP. Hence o! has 2gq > q(2g — 2) zeros and we have that ọ = 0. 
Hence T # 1 cannot induce the identity in Aut(#(M)), and the representa- 
tion is faithful. 

We examine now the action of J on #%(M). In this case M is hyper- 
elliptic and we may assume that M is represented by 


w? E (z an ey)" ` a(z F e2g+2)} 


with {e4,...,€2g+2} a set of 2g + 2 distinct complex numbers. Recall the 
basis for #1(M) introduced in III.7.5: 
zi~! dz l 
p= ya k P= 1205 g: 


The automorphism J can be represented by 
(z,w) lage (z, a w). 


It is thus clear that J does not act as the identity on #%(M) for odd q. (Note 
that J dz = dz, and thus Jọ; = —ọ; and Jeg = (—1)*94.) For g = 2, a basis 
for #7(M) is given by 
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from which it follows clearly that Jọ = for all p € #7(M). For g > 2 and 


q = 2 even, we consider 
zi dz1 
Us be =i 
wt wt 


We must only verify that dz?/w*~' is holomorphic. Use the notation of 
II.7.4 and II.7.5, 


wi} 


74 
£ = Suet (g+1)(qa—1)-2qq(gt+ 1)q—1)— 24 
( ) Sa i eae are ON Aah 10% 


Thus the differential is not holomorphic if and only if (g + 1)(q — 1) < 24 
if and only if q = 2 and g = 2 (as was to be expected from the exclusion we 
already made). E 


V.2.2. Let G be a subgroup of Aut M. Let ọ € #%(M), we shall say that 
@ is G-invariant provided Tọ = ọ for all Te G. The vector space of G- 
invariant holomorphic q-differentials on M will be denoted by #4%(M). For 
the moment let us ignore the fact that q > 1 (assume q is arbitrary) and the 
fact that @ is holomorphic (merely assume that gy is meromorphic). Let z 
denote the natural projection 


t:M > M = MJG. 


Recall that we have shown in III.4.12 how to lift an arbitrary q-differential 
@ on M to a q-differential gy on M. It is clear that @ is, in this case, G- 
invariant. Conversely, every G-invariant q-differential o on M projects to a 
q-differential on M. 

We let for P e M, v(P) = ord Gp, then as we saw (III(4.12.2)) 


ordp o = v(P) ordre) Ø + g(v(P) — 1). 


Thus, we see that 
ordp p > 0+ ord,p) G > -q(: — 5) 


Since ord,p) Ø € Z, we see that 


1 
ordp ọ > 0 © ord,p) G = -fafi — a)l 


where [x] is the greatest integer < x. 

Since the projection z is defined by a group, v(P) depends only on the 
orbit of P under G. Thus, for P e M we can define v(P) = v(n~1(P)), and it 
is thus convenient to introduce a q-canonical ramification divisor of n by 


Zz = J] Pola = 1P, (2.2.1) 


PeM 
If, for an arbitrary divisor D on M, we define 


H4(M ;D) = {¢Q; ọ is a meromorphic q-differential and (¢)/D is integral’, 
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then we have established the following 


Proposition. For q > 1 
HLM) = H(M,Z). (2.2.2) 


Corollary. Let ĝ be the genus of M = M(G, then 
dim #%(M) = J, (2.2.3) 
and for q = 2 


ies , ia 
dim #%(M) = (24 — IG — 1) + 2 le: T 5): (2.2.4) 


Proor. The proof is analogous to the one given in III.5.2. We use the iso- 
morphism of the proposition and the Riemann-Roch theorem. Let Z be a 
canonical divisor on M. It is easy to see that 


q 
TEE = HM, Z®). 


The isomorphism is given by 


VAY) 
uF] 3f > foe XYM,Z®), 


where ọ is a q-differential and (ọ) = Z*. Now for q = 1, Z) = 1 and thus 
H(M,Z) = H! 1(M) = the g-dimensional space of abelian differentials of 
the first kind on M. For q > 2, we compute using Riemann-Roch 


Zo ZA Zi 
"\ a = deg 70 =O la 7s) 
he 1 Za 
-aenar g li-a) -0-6 


Thus to complete the proof of the corollary, it suffices to show that 
i(Z1/Z®) = 0 which follows from the inequality deg(Z*/Z) > 2g — 2. We 
have already used the fact that 


(rae [ca] 


Thus the desired inequality clearly holds for g > 2. For g < 1, we must 


examine 
1 
1 — —= |l. oe 
Pu [o( 5) | ee) 


liga; then we saw in the proof of Hurwitz’s theorem that for some P € M, 
v(P) > 2, thus the sum in (2.2.5) is greater than or equal to [q/2] > 1. For 
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g = 0, we must show that the sum in (2.2.5) exceeds 2(q — 1). Now 
Pel!) a 


But we saw in the proof of Hurwitz’s theorem (equation (1.3.3)) that 


Yee (1 — (1/v(P))) > 2. o 


Remark. Let q = 2 and let n = the number of points P e M with v(P) > 1, 
then 
dim #2(M)=39g-3+n (20). 


V.2.3. We start now a more detailed investigation of the action of Te Aut M 
on #%(M), q > 1. 


Proposition. There exists a basis for 424M) such that the action of T on 
HM) is represented by a diagonal matrix. 


Proor. Since Aut M is a finite group, there is an integer n such that T” = 1. 
Thus (because Aut M is represented on #%(M)) T” = 1 as a matrix with 
respect to any basis for #4(M). In particular, 2" — 1 is an annihilating 
polynomial for T and the minimal polynomial (a factor of 2" — 1) has distinct 
roots. Thus, by a well known result of linear algebra, T can be diagonalized. 

We can say something more. Each entry on the diagonal must be an n-th 
root of unity. We will continue with this analysis in the next section. E 


Remark. We shall actually be able (in most cases) to exhibit a basis for 
H (M) with respect to which T is diagonal. 


V.2.4. We continue with the problem introduced in the last section. We 
wish to determine the eigenvalues (and their multiplicities) of T. 

Assume that T e Aut M, ord T =.n > 1, and <T> operates fixed point 
freely on M. (If n is prime, then <T operates fixed point freely if and only if 
T is fixed point free. If n is not prime, the backwards implication need not 
hold.) Let us recall that the eigenvalues must be of the form ¿f where ¢ = 
exp(2zi/n) with j = 0,...,n — 1. The eigenspace of 1 is precisely #%7,(M) 
and thus has dimension equal to (2q — 1)(ĝ — 1) for q > 1 and equal to g 
for q = 1, where as usual g = genus of M = M/<T). Next assume that 4 is 
any eigenvalue. Then for pe #%(M) with Tọ = Ag, we have that (¢) is 
invariant under T (and hence also under <T>). Let us denote by E, the 
eigenspace of 4. If we now choose any non-trivial pọ € E, we see that for 
ọ € E,, @/@o is a <T )-invariant meromorphic function on M whose divisor 
is a multiple of (go) +. The divisor (o) projects (because it is <T )-invariant) 
to an integral divisor D on M. It is thus easy to see that E, = L(1/D). Now 
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deg D = 2q(g — 1)/n and Riemann—Hurwitz (or elementary arithmetic) shows: 
that (2g — 2) = n(2g — 2), and thus deg D = 2q(g — 1). Hence by Riemann- 
Roch (recall that g > 2) 


1)\_ fdeg D- (J — 1) + (D) =(2q— 1)G—1), forg>1, 
ADI my = ey? forg = 1. 


For q = 1, i(D) = 1 if D is canonical and i(D) = 0 otherwise. Now the divisor 
D is canonical if and only if pọ projects to a holomorphic differential on M; 
that is, if and only if ọọ is G-invariant (if and only if A = 1). We conclude 


a= M= 1), Glas 
dim E, =2, g=1,A=1, 
gt: g=1,A41,A"=1. 


Since Yiee dim E, = dim #%(M) and (g — 1) = n(g — 1), we see that all the 
n-th roots of unity must be eigenvalues and that their multiplicities are 
given by the above formulae. 


V.2.5. We extend next the considerations of the previous section to the 
general case (G = <T ò is assumed to have fixed points). The development 
given below is due to I. Guerrero. 

To fix notation (in addition to what was introduced in V.2.4), we let 


n,=dimE,, j=0,...,n—1. 


Formulae (2.2.3) and (2.2.4) compute no. To compute n; for 1 <j<n-— ‘1, 
we partition the branch set X of :M > M/G into a disjoint union 
n=l 


KSU O 


where Ti 


X,={PeM;T'P=PandT*P4P for0<k<1-—1}. 


We claim that if X, # Ø, then ||n (I divides n). Suppose P € X, and 2 < I < 
n— 1. Write n=pl+k, O<k<!—1. Then T*P =P, and thus k=0. 
Hence we see l|n. Furthermore, the orbit of each point P e X, consists of 
the | points P, TP,..., T'~!P and are also in X,. It is thus clear that if for 
non-empty X,, we set 


mA) =1O0u Lomax sla lsat) 


then z(X,) consists of x, distinct points and X, consists of |x, points. We 
define x, to be zero for empty X,. We can choose a local coordinate z for 
each point in x '(Q,,;) such that T~' is given by 


-1. 
LEAS N 


where nm is a primitive n/l-root of unity (note that nm, depends only on Q, 
and not on the choice of Pe x +(Q)). 
Suppose now that 0 # go € E,;, 1 <j <n — 1. As before, in this case we 
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: 1 
pe = = 
d D,}’ 


where D; is a certain integral divisor on M/G. 
To find what D; is, let us consider the equation for 0 # ọ € E 


also have 


To = eg. 
Thus we also have 
T'o = eg. (2.5.1) 
Let us look at the Taylor series expansion of ọ, at a point in n~ 1(Q j): 
Q= ( DI anz ds 
k=0 
Thus equation (2.5.1) reads 
E sani a($ we) 
k=0 k=0 
In particular, for each k = 0, 1,2,..., 
Ailn? — e") = 0. 
Choose the unique integer /,,,; such that 
Ds Ayan! wand) nor) =e: 
Note that Amnn = n/! (this defines Amın) and we set (for further use) Amo = 0. 
We conclude that 


n 
AÁ, =0 unlessk+q= imu mod 5) 
Let Xm, be the order of Qo at x ‘(Q,,,) (this integer only depends on Q,,, 
and not on the point P we choose in its preimage). By our previous remarks 
there is an integer £,,,; such that 


n 
Ami = mij 7 + Amj — 4 = 0 


(note that mj = 9). 

Let Q,,...,Q, be the projections to M/G of the zeros of po not in X. Let 
%, = ord,-1(9,) Po. We note that a function f e X(M/G) is such that fpo € 
HM), where f = f ° n, if and only if 


i. f is holomorphic except at the points Q,, Omi 
ii. ordo, f => —%, and 
iii. ord, f = — Pmj + (4 — Ami)/(n/l). 


Now we know how to define the divisor D, (which depends on go): 


s x 
D; = I] Q% I] il Prats + Amis DMD, 
k=1 


I|n m=1 
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Remark. With our convention for j = 0, the formula for D; is valid for all j, 
V<jan— 


Note that deg(@_) = 2q(g — 1), and hence 
n 3 Oy, ies 3 lent = 2q(g — 1). (25.2) 
Now from the definition of D,, 
deg D; = 3 m ehh Benet E mij a tt (253) 
Next we use Riemann-Hurwitz in the form 


D T CLES (G- 1) 


I]n m=1 


= n(2g — 2)+ ð x(n — 1). 


ljn 


We return to (2.5.3) and continue our calculation (using (2.5.2) and Riemann- 
Hurwitz) 


= ml Ami lmm 
deg D)= Y aty X (2a s [hua 


I|n m=1 n 
x nile 1 
>i(n3 Saty È tnt) - ye 
I|n m=1 I|n m=1 


1 1 1 
= 5 2alg -D-1 mln 1) => (29-2 Fin) 


I|n I|n 
1 y} 1 
+ (2g — 324- N29 a 2 tg CE 1) 


> 29-2. 
We have also shown that for q > 1 
deg D; > 2g — 2. 


We claim that even if q = 1 and even if deg D, = 2g — 2, i(D;) = 0 for j > 0. 
Otherwise D; is canonical. In this case, there exists an abelian differential 
@ on M/G such that (¢) = D;. Note that the only way for deg D, = 2g — 2 
is to have equality all along the way in our previous calculation. In AN 
{(n/1) — 1}|Amj — 1), and since 1 < An; < (n/l), we conclude that Amip = nil. 
Thus 


= TI OF TT TI of. 


ljn m=1 


The lift @ of @ will have a zero of order «, at each preimage of Q,, and a 
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n n 
Bj 7 + (;- 7 = Onl 


at each point of n` (Qm). Thus ọ will have the same divisor as p. But this 
means that ¢ is a constant multiple of pọ. Since g is G-invariant, ọ € E4. 
This contradicts the fact that pgo € E,;,1<j<n-—1. 
We have concluded that if E,; is non-trivial, then it has dimension 
r(1/D;) = deg D; + 1 — ĝ, except for the case q = 1, j = 0, and no fixed points. 
Let us turn to the case q = 1. Note that for j > 0, [(Amj — 1)/(n/l)] = 0 
Thus for j > 0, 


zero of order 


deg D; = 35 H+). T a, 
I|n m=1 
and from (2.5.2) 
2g 
deg D, = 
z 4 N Iin m= 1 fmij — 


Hence we conclude that (using Riemann—Hurwitz) 


1 I~ y 
(55) = deed) 1 - a= 9-14 55 È (n — Va) 
j 


I|n m=1 


Seer) Dt: (2.5.4) 


I|n N ijn m=1 


We compute next 


n=1 
Y Aa 
j=1 
Recall that nm is a primitive (n/l)-root of unity and that n/p = e". For 
j=1,2,...,(n/l), fe} is the set of all (n/l)-roots of unity. We thus conclude 
that 3 
J Åmij 


is a permutation of {1, . . . (n/l)} with o(n/l) = (n/L). Further for j = k(n/l) + 
r, Àmij = Amir- Therefore 


3 amy = (1424ta); 
A UEA 
n-1 
84) 
Fo” 


eae 5 (Sn 50?) 


ljn N ijn m=1 


ng—1)+1+4+-= D 


ai 


= g. 
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We finally conclude that once again for each j, sf is an eigenvalue (and we 
have computed its multiplicity). Note that some of the multiplicities may be 
zero (for example, if g = 0). It involves no loss of generality to consider these 
as eigenvalues with zero multiplicity. 


V.2.6. Let us now consider the case q > 1. We calculate for0 <j <n-—1, 
1 A 
(5) = dep, + 1-g 


= <i) Omit d An Aiea eG b 
— ——————— St ee 1 -- 
dary ¥ ( T +| n/i + ĝ 


ljn m=1 


_ 2q(g — 1) (4 = Ami Amij — 4 ae 
-20y È (uf afi ee g 
fn! ~ 1 dim Àmlj Aa 9 ee 
= 429-2425 xin- D) + A T | 7 |e g. 


Next we compute 


n=) 
5) (2q — I)n(G-— 1) + q } x(n — 1) — z x(n — 1). 


j=0 In 2 in 


To explain the last term, we write 


— 


n 
g=urtv®, eZ, veZ, 420,1 <W <7. 


(We will write v for v®?.) Thus we have 
AG me 
2 m=1 n/l n/l 
bs < i = Awl} a Aral hes ge 
I|n m=1 n/l n/l i 


Recall now that {A,1;; j = 1,...,n/l} is a permutation of {1, . . . ,n/1}. Thus 
the above summed from j = 1 io j = n/l yields 


l 1 l 1 
zoe-a(i) 0- n)a -g (1-3007) 


Thus the sum from j = 0 to n — 1 yields 


1 n IE blin 1 
¥(1-3(1+7))m=E6- 57) = lami 


In conclusion (using Riemann—Hurwitz once again) 


n=l 1 1 
y (5) = (24 — 1)n(ĝ — 1) + (a 2 5) Fonai) 


J=0 I|n 


= (2q — 1)n(ĝ — 1) + (a T z) L(2g — 2) — n(2g — 2)] 


= (2q — 1)g — 1). 
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We have just proved that in all cases 


1 
a ii 
D i 


209 


V.2.7. We now want to compute the trace of T(=tr T). Note that for q = | 


nl 
tf Pag ine. 
j=1 
First observe that 
n= ; 
y gami, 
j=l 
and thus using (2.5.4) 
xX] n= 
an eg Se S SOY Une 
ljn N ijn m=1 j=1 
ial 
Ney > D3 Ant 
I|n N ijn m=1 j=1 


As before, we fix m and l and compute } "z1 Amjé- Calculate for | > 1 


nil 
S Lae = F Amir1€ T Aa “Ip ¢ eae Amt(n/rye 
j=1 


Dti TE 2(n/l) 
+7 4e COU + Aminiye 


pal +1 x 
+ Malt el ae) eas ag Amine" 


n/l [pal 


‘T Amtj 2. eklD +i 


j=1 


nfl t=1 


Y mlj g 2 ek) — = 


j=1 


(since X125 et" = 0). Hence for l > 1 


n= 
W Amije = — Ami(njt) = EH 
j=1 
Finally, for / = 1, 
jal n-1 
E Peg og = E > Amd j Nai Ti 
j=1 
(and because {Anij; j= 1,...,n — 1} is a permutation of KRAN 
iy k k On 
ka Almi 1 Nmi 


,„n— 1 


\ 
J 


) 


(2921) 


280 V Automorphisms of Compact Surfaces—Elementary Theory 


We now return to (2.7.1) and continue with our computation after changing 
notation: x, = t = number of fixed points of T and nm; = €”, 


tT=1-¥x,-_F È (-7)-; Lee 


ljn "i m=1 


t 
1 
=1-)x+ ¥ x+ y tae 


I|n ljn m=1 


=1 + > —: 


V.2.8. As usual, we proceed to the case q > 1. Here we compute 


ns) 
tr T = a nje 


n= 


=((24-1Xĝ-1)++ qi (n=) ¥ e 
I|n j=0 


ot Ne 9 Prijs mlj — 
REE n/I E n/l ‘|e 


The first sum, as before, is equal to zero. Thus we conclude (simplying further 
as in V.2.6) 


xı n-1 x: n=l yO 
eT == eek)» ee “|e 


Nin m=1 j=0 ljn m=1 j=0 
Ii —n x n=1 Al | ; 
ee ay ae EM ee a 
n I|n (- 1) geile Neat av n/l 
1#1 
As we remarked before, 
n 
1 


y = Åmli F y® = 0 if yO < Amij S 
mlj n/l r 
=) OSA ya e. 


We proceed essentially as before for l > 1 


y Yont jf = Vmir1& + Ymt2€? pe RE G Yme” 
jei 
DET 
ae yer cem Ymae 


1=1)(n/l) +1 
ies es s E Ymi(n/E 
= y(1 he g”! 4 g2 "/D gee T eu OUD) = 0, 
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where y = Ymi1E + mire” + ° °° + Yme”. Therefore for l > 1, 
na 


Y Yoni j€ Soio min i 
j=0 
For! =1 


n= nai 

JE Àmij 
X Ymijè = D Ymijmi” 
i= j=1 


ni [a= : hw 
j=1 if 
n=1 ; 
Valin 
=| Ni 
Eila 


5 5 gil Nim 
Miris © 
j=1 eH ae 


I 
a 


We can finally complete the calculation: 


xy 1 Sh ee 
trite FY PAY, -¥x+>D t+ Mins 
I|n m=1 Les Nm1 I|n m=1 Lge Ant 
1#1 1#1 
t evn’ 
2 ee” 


V.2.9. We summarize our results in the following 


Theorem (Eichler Trace Formula). Let T be an automorphism of order n > | 
of a compact Riemann surface M of genus g > 1. Represent T by a matrix via 
its action on #%(M). Let t be the number of fixed points of T. Let e = exp(2ni/n). 
Let P,,..., P, be the fixed points of T. For each m = 1, . . . , t choose a local 
coordinate z at P,, and an integer Vm such that 1 < Vm < n — 1 and such that 
T' is given near Pm by 


T tz ez 
(note that vm must be relatively prime to n). Then 


Vm 


t 
(era) — forg=1, 
Simi, eek O 
and t Vmv 
toT ye z Jare =k 
— em 


m=1 


where 0 < v < n is chosen as the unique integer such that q = un + v with 
uE Z. In each case the sum is taken to be zero whenever t = 0. 


Note that only the fixed points of T contribute to tr T (not the points that 
are fixed by a power of T but not T itself). 


282 V Automorphisms of Compact Surfaces—Elementary Theory 


Corollary (Lefschetz Fixed Point Formula). For q = 1, 
tril +tT =2—1 


Proor. We merely note that for 0 e C, 0 # 1, |0| = 1, 2 Re(@/(1 — @)) = —1. 
E 


Remark. For q = 1, tr T + tr T is the trace of the matrix representing T on 
the space of harmonic differentials—which is, of course, by duality related to 
the representation of T on H,(M). 


V.2.10. We now turn to the case where T has prime order n and at least 
one fixed point. Say P e M is the fixed point of T. Choose a basis {@~,,.. . Pa} 
of #%(M) adapted to P(d = dim #%(M)); that is, in terms of some local 
coordinate z vanishing at P, we have b 


gj; = (241+ O(|z))dz7, j=1,...,d, 


where 1 = y; < y3 <`: < yy < 2q(g — 1) + 2 is the “q-gap” sequence at P 
(III.5.8). Furthermore, we may assume without loss of generality that the y, 
coefficient of the Taylor series expansion for ọ; in terms of z vanishes for 
k + j (all j) and that the automorphism T~? is given by 
Ze £Z, 6 = ecm 

It is of course clear that T~' is given in the above form for some |, 
1 <1 <n—1. If we are interested only in fixed points (because n is prime), 
T can be replaced by T'. Note also that ọ is an eigenvector for the eigenvalue 
e/ of T ifand only if ọ is an eigenvector of the eigenvalue e” for T!. Thus T! and 
T have the same eigenvalues and the same traces. 

It follows that 


To; = ((€z)3~ 1 + O((|z|”)) €4 dz’, 
and in fact 


To =en p yA ge 2 


J? 


On the basis of the above development, we can strengthen (slightly) a 
previous result (Theorem V.1.7). 


Theorem, Let T € Aut M be of prime order n, and assume that T fixes a non- 
Weierstrass point P. Then 2 < v(T) < 4. Further, the genus g of M/<T)Y 
is given by g = [g/n], and writing g = gn+r (0 <r<n-—1), there are only 
three possibilities: 

a. r= 0, g = gn, v(T) = 2, 

b. r=4(n— 1),9 = (J + 4)n — 5, (T) = 3, or 

c. r=n—1,g=(9+ 1)n—1, v(T) = 4. 


ProorF. Since T fixes a non Weierstrass point, we have y, = j, j= 1,..., g 
and the action of T on #1(M) is given by the diagonal matrix 


diag(e, 6”, . . . ,€%) 
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with ¢ = exp(2zi/n). The genus ĝ of M/<T> is the multiplicity of the eigen- 
value 1, and thus g = [g/n]. Now we write 


g=gn+r, ries Naram ii 


We use the Riemann-Hurwitz formula (Corollary 1 to Proposition V.1.5) 
g =n(g — 1) + 3(n — 1)v(T) + 1, (2.10.1) 
and conclude that 
MT ee Ad 
n—1 
We conclude that v(T) > 2. Further, since 0 < v(T) e Z we see that there 
are only three possible cases: r = 0, r = ¿(n — 1), orr=n—1. E 


V.2.11. We have seen that if an automorphism of prime order fixes a 
non-Weierstrass point, it must fix at least two points (and at most 4 points). 
What happens if all the fixed points are Weierstrass points? 


Theorem. Let T e Aut M be of prime order n. If T has a fixed point, it must 
have at least two. 


Proor. Assume T has precisely one fixed point P. The Riemann—Hurwitz 
relation yields 


ii 
Ogee ial wore =o 


lanai 


If p € #1(M) and Tọ = ọ, then ordp ọ > 0. Since it is not the case that for 
all p e #1(M) ordp ọ > 0, we can find a ge #'(M) with Tọ = 9, £ # 1, 
e" = 1, ordp ọ = 0. Since ọ does not vanish at P (the unique fixed point of T) 
and (9) is invariant under T, 2g — 2 = kn for some positive integer k. Thus 
we see that 

1 = (2g — 1) — (2g — 2) = n(2g — 1) — nk = n(2g — 1 — k). 
In particular, n cannot be > 1, and this contradiction establishes the theorem. 


Remark. The Riemann—Hurwitz formula that we applied used the fact that 
n is prime. This is essential; for the theorem is not true if n is not a prime. 
See VII.3.11. 


V.2.12. We consider now the representation of an automorphism T of 

prime order n on #%(M), q > 1. We assume that P is a fixed point of T and 

that P is not a g-Weierstrass point. Then the representation of T on #4%(M) is 
diag ee a ee) 


Let us take q = 1 mod n, q = kn + 1, k > 1, then the multiplicity of the 
eigenvalue 1 is 


E + 1)(g — J = (24 + z) (g — J = 2k(g — 1) + E = o| 
n n n 
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Abbreviate v(T) by v and use the Corollary to Proposition V. 2.2, 


1 
dim #47)(M) = (2kn + 1)(g — 1) + sn + (1 — ‘)| 
= (2kn + 1)(G — 1) + vk(n — 1), 


where ĝ is the genus of M/<T Y. Combining these results with the Riemann- 
Hurwitz formula (2.10.1) we see that 


(2kn + 1){nG — 1) + 5v(n — 1)} = {(2kn + 1)G — 1) + vk(n — 1)}n + r, 


with 0 < r < n — 1. Thus 


and there is just one possibility (recall (T) 4 1)r = n — 1 and v = 2, and we 
have established the following 


Theorem. Let T € Aut M be of prime order n with v(T) > 2. Then every fixed 
point of T is a q-Weierstrass point for every q > 1, q = 1 mod n. 


Corollary. Let 1 # T e Aut M. If v(T) > 2, then every fixed point of T is a 
q-Weierstrass point for some q. 


An alternate proof of the theorem is obtained by equating 2k(g — 1) + 
L(1/n\(g — 1)] to dim #4,,(M). This leads to the inequality v < 2 + 2/(n — 1). 
Ifn > 3, we find v = 2. Ifn = 2, we find v < 4. Since an involution has an even 
number of fixed points v = 2, also in this case. 


V.2.13. We can now reprove and generalize slightly some of the results on 
automorphisms of hyperelliptic surfaces (compare with III.7.11). 


Theorem. Let M be a hyperelliptic surface of genus g > 2. A conformal in- 
volution on M has either no fixed points, only non- Weierstrass fixed points, or is 
the hyperelliptic involution J. 

Let T be an automorphism of prime order n with 2 <n < 2g that fixes a 
Weierstrass point. Let M/<T > have genus g. Then there are two possibilities: 


a. g = gn, v(T) = 2, and both fixed points are Weierstrass points, or 
b. n = (2g + 1)/(2G + 1) (G = 1), v(T) = 3, and the other fixed points are P 
and J(P) with P not a Weierstrass point. 


Proor. Let T be of order 2. Assume T fixes a Weierstrass point. Represent 
T on #'(M). The action is given by (see V.2.10) 


diag(—1,...,—1). 
ears Ee 
g-times 
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This is, however, the representation of J on #'(M). Since the representation 
of Aut M on #1(M) is faithful T = J. 


Next we consider an automorphism T of prime order n, 2 < n < 2g, that 
fixes a Weierstrass point. Its action on #'(M) is given by (e = exp(27i/n)) 


diaples seed) 


Write 2g — 1 = lIn +r,0 <r <n -— 1. Then (since @ is the multiplicity of the 
eigenvalue 1) | even implies g = l/2 and | odd implies that J = 4(/ + 1). 
Using Riemann—Hurwitz (in a by now familiar way) we see that 


1 
Wye Seale ae =3 PED oa pee tae 
n—1 20 init 
4 g 
lodd Sv) = E =2 (r=n—1)>n=-. 
n—1 g 


Assume T fixes three points. We view the action of T on the 2g + 2 
Weierstrass points. Clearly Tis a permutation of prime order n, and can be 
written as a product of r, cycles of length n and r, singletons (cycles of length 
one). Thus 

ryn+r,=2g + 2. 


From the above and 2g + 2 = (29 + 1)n + 1, we see that 
(29+1—r,)n=r,-—1. 


Since n > 2, the last equation implies r, = 1 or rz > 3. Since r, < v(T), we 
see that r, = 1. Thus T has a fixed point P that is not a Weierstrass point. 
Since, J is central in Aut M, 


T(J(P)) = J(T(P)) = J(P), 


and J(P) (+ P) is also a fixed point. 
If T fixes two points, both must be Weierstrass points by an argument 
similar to the one given above. 


Corollary. If 1 # T e Aut M fixes a Weierstrass point on the hyperelliptic 
surface M of genus g > 2 and ord T is prime and < 2g, then ord T < g. 


Remark. It is possible for ord T = 2g + 1 (recall Proposition V.1.11 and its 
corollary). 


V.2.14. Proposition. If T € Aut M is of prime order n > g, thnn=g+1or 
n= 2g + 1. In each of these cases M/<T > is of genus 0. In the first case, 
v(T) = 4 and in the second case, v(T) = 35 


Proor. We start with (1.11.1), and assume that g > 2. Then n(2g — 2) > 
2n > 2g. Thus the only possibilities are g = Mony = 0. Ul g = le then 
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2g — 2 = v(n — 1), and v > 0. Thus 2 < v and 


2g —2 
v 


FE 


Now (with v > 2, g > 2) (2g — 2)/v + 1 < g, and is thus impossible. 
It remains to consider g = 0. Here 
2g — 2 = —2n + v(n — 1) = (v — 2)n — v, 
or 
2 fee aah ee) 
a o2 | ie? 


We must have v > 3. If v > 6, then 


Pals 


n<3g+1<g. 
If v = 5, then 
n=43g+1<g forg>3, 
(n 


and is impossible for g = 2 (n = 4). If v = 4, then n = g + 1; and if v = 3, 
then n = 2g + 1. O 


V.3. Representation of Aut M on H,(M) 


In this section we study the action of Aut M on H,(M) = H,(M,Z), the 
first homology group (with integral coefficients), where M, as usual, is a 
compact Riemann surface of genus g>1. Let '{x} = (Ki) Neh = 
djs dIe oie »b,} = '{a,b} be a canonical homology basis for M. 

The main result is that the action of Aut M on H,(M)is faithful. This result 
is generalized in two directions. If Te Aut M fixes enough homology classes, 
then T = 1. Also, in most cases, the action of Aut M on the finite group of 
homology classes mod n is already faithful. 


V.3.1. If Te Aut M, then x’ = Tx is again a canonical homology basis 
for M. If we denote this basis by ‘{a’,b’}, we immediately see that there exists 
a 2g x 2g matrix X with integer entries x,,, whose inverse is also an integer 
matrix (thus det X = +1) such that 


k = XK; (3.1.1) 
that is 


2g 
kj = y. XjiiKi, j= Ded Ag: (3.1.1) 
l=1 


Since T is orientation preserving, det X = 1. 
We now write X = [4 $] in g x g blocks, and hence 


Fa A i a it (3.1.2) 
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Recall (III.1.2) that the statement x is a canonical homology basis means 
that the intersection matrix for «x is Jo = [-9 6] = (xj * Ką). We can now ask: 
what are the conditions on X so that x’ also be a canonical basis? The 
condition is simply that (x’,- «,) = XJo'X = Jo. Hence we see that in addition 
to det X = +1, it is also necessary that X satisfy the equation XJo'X = Jo. 
Matrices X with integer entries satisfying det X = 1 are called unimodular 
matrices. The set of n x n unimodular matrices forms the group SL(n,Z). 
The remarks we have made lead us to make the following 


Definition. The set of 2g x 2g unimodular matrices X which satisfy 
XJ X =Jo G15) 


is called the symplectic group of genus g and is denoted by Sp(g,Z). 


Remark. The definition is meaningful and the set is indeed a group. All 
that we need verify is that if X € Sp(g,Z) so is X~ 1 Tt is easy to check that 
if X = [4 8] and X e Sp(g,Z) then X~' = [-:¢ 4]. This last statement 
is equivalent to (3.1.3). Hence Sp(g,Z) is a subgroup of SL(2g,Z). 


Theorem. There is a natural homomorphism h:Aut M > Sp(g,Z). For g = 2, 
h is a monomorphism. 


Proor. The homomorphism h has already been described in the remarks 
preceding the statement of the theorem. We shall therefore assume that 
g > 2 and Te Aut M. Suppose now that h(T) = I. Let {¢,,...,¢,} be a basis 
of #1(M) dual to ‘{a,b}; that is, fa, 6j = 5jx- Since Ta; is assumed to be 
homologous to a;, we have ee Tl, = Jr, Tox. Now for any smooth differential 
œ it is clear that 


ik TOS fo. (3.1.4) 
Hence, in particular, we have fra, Ték= fa, C= Ôr; It follows that fa, T= 
6,;- We therefore conclude that {T¢,,..., T¢,} is also a basis of #1(M) dual 


to '{a,b}. Recall however (Proposition II.2.8) that the dual basis is unique; 
so that it necessarily is the case that TC; = j j = Lone, g: 

We have already seen that the representation of Aut M on H'(M) is 
faithful. Hence we conclude that T = 1. (m) 


Corollary. If T(a;) = aj in H,(M) va e oo 9, then T e 


V.3.2. There is a very simple relation between the action of an automor- 
phism on H,(M) and the representation of the automorphism on the space 
of harmonic differentials on M. (Recall II.3.6.) 

Let ‘{x} be a canonical homology basis for M and let ‘{a} = {o4,... ag} 
be the basis of the complex valued harmonic differentials on M which is 
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dual to ‘{x}; that is, fk, dr = Orp k j=1,..., 2g. It is clear that this basis 
is unique and we have, as before, frx, Tx, = fx, % = Ôj. Let the 2g x 2g 
matrix X = (xj) represent the action of T on '{x}. We then have 


I =(6,)= ( ibs Ts) = ( (lame Ta, x (x ore Ta) 


Let us denote by T the matrix whose (I,k) entry is fx, Tæ. Thus the above 
equation reads 
NENEN: 
or 
ieee (aay 


Since Ta, is determined by its periods we have established the following 


Theorem. Let X be an element of Sp(g,Z) which represents the automorphism 
T on H,(M,Z) with respect to the canonical homology basis '{x}. Let '{a} = 
{015+ - - sag} be a basis of the harmonic differentials on M dual to {x}, in the 
sense that Í x; %k = Oj, k j = 1, . . . , 2g. Then the matrix which represents T on 
the vector space of harmonic differentials with respect to the basis ‘{a} is (X~*). 


Remark. If T is represented in g x g blocks by [4 8], then (X~!) is 
represented by | 2 S]; 


V.3.3. In this section we wish to strengthen Theorem V.3.1 and its corollary. 
We prove the following 


Theorem. Let M be of genus g > 2 and assume T € Aut M satisfies T(a,) = ay, 
T(a2) = a2, T(b,) = b, and T(b,) = b, in H,(M). Then T = 1. 


In order to prove this theorem it is convenient to first derive some pre- 
liminary results concerning SL(n,Z) and Sp(g,Z). 


Lemma. Let a be a vector in Z”. A necessary and sufficient condition for ‘a 
to be the first row of an element of SL(n,Z) is that the components of a be 
relatively prime. 


PROOF. Let, as usual, e° be the jth column of the n x n identity matrix. 
It suffices to prove that the orbit of the vector e™ under SL(n,Z) consists 
of all vectors a with relatively prime components or equivalently that for 
any a with relatively prime components there is an X e SL(n,Z) such that 
Xa, 
We consider the following problem: Find 
Min |Xal, 


XeSL(n,Z) 
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where a is a fixed vector in Z" with relatively prime components, and |— | is 
the usual (Euclidean) norm. We wish to show that the minimum is precisely 1, 
and therefore that there is an X e SL(n,Z) such that Xa = e” for some j. 
Without loss of generality we can then assume j = 1. 

Note first that the lemma is obviously true for n = 2, since the condition 


derf 8 Je 
a, b, 


is equivalent to the condition that a, and a, be relatively prime. Furthermore 
if (in general) the components of a e Z" have a common divisor v > 1, then 
Min |Xa| >v. 
XeSL(n,Z) 

Thus in particular for n = 2, the above minimum is 1 if and only if a has 
relatively prime components. We have also established necessity in general. 

Now assume that n > 2, and that a has relatively prime components. 
Suppose X is a solution to the minimum problem. Let b = Xa. Clearly b 
has relatively prime components. (Otherwise a = X~*b would not have 
relatively prime components.) Assume that b has two non-zero components. 
We may assume that these are the first two components b,, bz. Let v > 1 
be the greatest common divisor of b,, b2. Choose x e SL(2,Z) such that 


x'(b,,b2) = v'(1,0). 
Let X’ = [š ?._,]. Then X’ e SL(n,Z) and |X'Xa| 


0 £ te 
f fests oe = „bn) z v? IE Y bj < |b| = »: bj. 
OT eee V IEA j=l 


Thus we see that b must be an integral multiple of some e’. Since the 
components of b are relatively prime, b = +e”, for some j. 0 


Lemma. Let a and b be elements of Z". A necessary and sufficient condition 
for ('a,'b) to be the first row of an element of Sp(n,Z) is that its components 
be relatively prime. 


Proor. Just as in the case of the previous lemma, it suffices to show that 
there is an element X in Sp(n,Z) such that X[#] = [6°]. 

We fix [#] with relatively prime components and for X € Sp(n,Z), let 
X[#] = [2]. Let u > 0 be the greatest common divisor of the components 
of ô and v > 0 the greatest common divisor of the components of 0’ (u = 0 
if and only if ô = 0; v = Oifand only if 5’ = 0). We now consider the problem 
of finding 

Min u+v. 
X €Sp(n,Z) 

We can assume without loss of generality that u > v. (Let X’ = JoX. Then 

X' € Sp(n,Z) and X’[#] = [-2].) We shall now show that v = 0. 
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Assume v # 0. Then ô'/v has relatively prime components and thus by 
the previous lemma, is the first row of an element T of SL(n,Z). Choose 
now an integral vector x such that each component of the vector — T6 + vx 
has absolute value less than v and thus less than u. Consider now 


0 yp 1 
ne Į. T e 
where t is any n x n symmetric matrix, with first column — x, and observe 
that X’ is an element of Sp(n,Z). 

Let X be a solution to the minimization problem, and suppose X[#] = [3,]. 
Then X’X[#] = [44x], and this contradicts the minimality of X. Hence 
v = 0. It thus follows that u = 1. We can therefore conclude that any solution 
X to the minimization problem satisfies X[$] = [] with the components 
of ô relatively prime. By the previous lemma we can always find a U e SL(n,Z) 
such that Ud = e”, thus we have [5 9,-:][3] = [57]: O 


We now proceed with the proof of the theorem. Let {a,,...,%2,} be the 
basis of the harmonic differentials dual to the given homology basis. It follows 
from Theorem V.3.2 (and the remark immediately following) that T(«,) = a, 
T(«2) = 2, T(æg+ 1) = Xo +1> and T(a, +2) = Xg+2- 

Furthermore, for any harmonic differential w on M (see III(2.3.1)), 


o, Jereg: 


(,*) = [[ ano La eth 19 (3.3.1) 


Let us for the moment assume that T has a fixed point say P. Let Q € M 
be arbitrary, then we conclude from (3.1.4) that 


Q T(Q) s 
if eet v mod zZ) j=1,2,g+1,g+2. 
It therefore follows that 


P q= il, a; + ee ajeZ, forj=1,2,9 +4) git'2y (3:32) 

We consider the surface M = M/< T > and the natural projection n: M > M. 
Letj=1,2,9+ 1,org +2. Because of T(«;) = «j, the differentials a; project 
to harmonic differentials nx; on M. (This assertion is not quite obvious. 
Its verification is left to the reader.) If Z is a closed curve on M, then we 
lift it to a curve c on M beginning at some QeM and ending at T*Q. By 
(3.3.2) we see that 


J, na, eZ, j=1,2,g+1,g +2. 


(Note that since we are only interested in the homology classes of the curves, 
we may assume that c does not pass through any fixed points of T.) Let us 
construct a canonical homology basis {4,... 3,01, sls ba} on M and a 


V.3. Representation of Aut M on H,(M) 291 


basis {%,, . . . ,%3} of harmonic differentials on M dual to the given homology 
basis. Since zg; has integral periods over every cycle on M, there are integers 
n,, such that 


2g 
maj = }, nye, P= aa Lig =P. 
k=1 
It follows from (3.3.1) (viewed on M) that 
(xa;,*no,,)EZ, j=1,2. 
It is also quite obvious that (for j = 1,2) 
(ord T)(na;,*20, + ;) = (a;,*a,+;) = —1. 


Note that the second equality follows from (3.3.1). Thus we conclude that 
for the hypothesis of the theorem to hold, T must be fixed point free (if it 
is not the identity). For this assertion we need only one of the above 
equations (not two). 

To finish the proof, we must study fixed point free automorphisms. By 
our previous considerations no power of T(# 1) can have fixed points. Hence 
by Riemann-Hurwitz 

2g — 2 = n(2g — 2), 


with g > 2 and ĝ > 2. Thus we are studying smooth n-sheeted cyclic coverings 
of a surface M of genus g > 2. A smooth n-sheeted covering is described by 
the selection of a normal subgroup G of 2,(M) such that 1,(M)/G = Z, 
(= integers mod n). Thus G appears in a short exact sequence of groups and 
group homomorphisms 


{1} + G > 1,(M) > Z, > {0}. 


Without loss of generality we assume that the canonical homology basis 
on M comes from a set of generators for 7,(M) denoted by the same symbols. 
The homomorphism ¢ is described by its action on the generators. Setting 
p(G;) = £j, and ob) = £, we see that ọ is described by the 2 x g matrix 


Se eee 
= VAEST , , 
€ €15--- êg 
of integers mod n. 


Since ¢ is surjective the vector (¢,¢) has relatively prime components. 

We review the above situation in the language of multiplicative functions. 
Construct on M a multiplicative function f belonging to the n-characteristic 
y. This function lifts to a single valued function on the cover corresponding 
to the homomorphism ø. 

By a change of homology basis (since Z,, is commutative we ay work 
with H (M) instead of nı(M)) we may assume that y is ofthe form [ġ $ ::: of: 
This follows immediately from our second lemma. More REI, if y is 
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[£] then we can consider the change of homology basis effected by a matrix 


'X e Sp(g,Z) such that 
te e) 
delb] 


Such an X exists by the lemma and the y for this new basis is [b 9 |: o] 
The last assertion follows from the fact that X has integral entries. Ifc e H ,(M) 
is written as )9_, na; + )9_, mb; then 


x(c) = (e8) H 


(As usual n = '(n;, . . . nz), m = '(m;, . . . ,mg).) Thus 
x(Xco) = (eX), 


and in particular for R; = ‘XK; 


X(K;) = (e,e')(jth column of 'X) 


fe 
= jth entry of X | 


el) 
= jth entry of i | 


It is now a simple matter to complete the proof. We examine the cover 
corresponding to X =[6 o- 6]. It is clear that if @,,...,G;, b,,...,6 
is the homology basis for M such that X =[} 9 ::: 9], then a, 2a,,... 
(n — 1)ã, lift to open curves on M and nd, lifts to a closed curve on M. 
Further 5, has n disjoint lifts all of which are homologous on M. Each of 
the other cycles also have n disjoint lifts on M; however, these are all 
homologously independent. The action of T on M fixes the lift of na, and 
permutes the lifts of b,; however, since the lifts are all homologous we can 
say that (as far as the induced action on homology) T fixes the lift of b,. No 
other cycles are fixed. Hence we finally conclude that T must be the identity 
and this concludes the proof of the theorem. 


g 
> 


V.3.4. In this paragraph we strengthen (in another direction) Theorem 
V.3.1. The group Aut M acts not only on H,(M) but also on H,(M,Z,), 
the first homology group on M with coefficients in the integers mod n. 
Choose T e Aut M. We have seen that T acts on H,(M) by a square integral 
matrix A € Sp(g,Z) and A has finite order m. We first prove the following 


Lemma (Serre). Let A € SL(k,Z) have finite order m> 1. If A =I mod n, 
LHEn In = Y= 2: 


Proor. (Due to C. J. Earle). Let p be a prime factor of n. Then A = I mod p', 
where | > 1. If we show that p = m = 2 and | = 1, then the lemma will follow 
easily. We break the argument down into a series of steps. 
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a. If A = I mod p’, then / = 1. 


Proor. Let q be a prime factor of m. So m = qr. Then B = A’ has order q, 
and B = I mod p'. So B = (I + p°X), where X is integral, with some element 
of X prime to p, and s > l > 1. Now 


I =(1 + p’X)! = 1+ gp’X + p*Y. 
Thus 


qX = —p'y, 
and so 


Gi=ap wand) IXj=e— pi Y. 
Again, since p does not divide X, s = 1 and since s > l > 1, also l = 1. 


b. A has order p. 


PROOF. Since p is prime, we need only show A? = 1. Clearly A? has finite 
order, and by (a) 


AP =(I1+ pX)/?=1+p?X +p?Y=I1+p’Y’, 
so A? = I mod p°. This contradicts (a) unless A? = I. 
Cups. 
Proor. Otherwise p is an odd prime, and p > 3, and 


píp — 1) 
2 


= 
Ly =o 24) 0° + pY. 


But p is odd, and so p divides the right hand side. This is the final 
contradiction. = 


I=(I+pX)} =I + ppX + Dox t pY 


Thus 


The above has as an immediate consequence the following 


Theorem. There is a natural homomorphism 
h: Aut M > Sp(g,Z,). 


For g > 2, n> 3, h is injective. For g > 2 and n = 2 only automorphisms 
of order 2 are in the kernel of h. 


V.4. The Exceptional Riemann Surfaces 


We have seen in IV.6, that there are a few Riemann surfaces with commuta- 
tive fundamental groups—the so called “exceptional surfaces”. We shall 
now encounter the same surfaces in a slightly different context. 
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V.4.1. We want to describe all Riemann surfaces M for which Aut M is 
not discrete. We shall not bother defining what we mean by Aut M not being 
discrete. We will establish a result which will hold with any reasonable 
concept of discreteness for Aut M. We state it as a 


Theorem. Aut M is not a discrete group if and only if M is conformally equiva- 
lent to one of the following Riemann surfaces: 


le CO aa} 

PAa 

SrA ke CHa 1), 

4, C*¥ = C\{0}, 

St = AO}, 

© Avene Cora lel al) Oat, 

7. a torus, C/G, where G is the free group generated by the two translations 


zeezt+1zz4+171,Imt>0. 


V.4.2. In any standard book on complex analysis, the reader will find a 
description of the automorphism groups of the three simply connected 
Riemann surfaces. We have used this information already in IV.5.2. We 
repeat it here: 

Aut(C u {œ}) = PSL(2,C) 


Aut C = PA(2,C) 
Aut 4 = Aut U = PSL(2,R). 


The above are clearly not discrete subgroups of PSL(2,C). As a matter of 
fact they are Lie groups. The first two are complex Lie groups (of complex 


dimensions 3 and 2, respectively). The last is a real Lie group (of real di- 
mension 3). 


V.4.3. It is clear that every automorphism A of C* extends to one of 
C ù {oo}. Furthermore, A must either fix 0 and œ or interchange these 
points. Thus the automorphism group of C* consists of Mébius transforma- 
tions of the form 


k 
zt+kz or zhe-, withkeC*. 
Zz 


Hence Aut C* is isomorphic to a Z,-extension of C*. 


V.4.4. Every automorphism of A* extends to an automorphism of A that 
fixes 0. Thus Aut 4* is the rotation group 


z mœ e”z, OER, 


which is isomorphic to the circle group St. 
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V.4.5. Let M be a Riemann surface with holomorphic universal covering 
map 2:M > M. Let G be the covering group of n. We claim that 


Aut M = N(G)/G, 


where N(G) is the normalizer of G in Aut M. The verification is easy and 
straightforward—and left to the reader. We shall show that in the non- 
exceptional cases N(G) is already a discrete subgroup of Aut M. 


V.4.6. Let us consider the surface 4,. Its holomorphic universal covering 
space is U and its covering group G is generated by C:z+> Az for some 
A > 1 (the relation between å and r was given by IV(6.8.1)). Let A e N(G). 
Thus 

ASCA STC: 


since conjugation by A is an automorphism of G. Note that A o Co A`! = C 
implies (by Lemma IV.6.6) that A is hyperbolic with 0 and œ as fixed points; 
that is, a mapping of the form 


zr kz, k>0. (4.6.1) 


We are left with the case Ao C o A7! = C™ t. Since A o C710 A~! = C, we 
conclude that A? commutes with C and is of the form (4.6.1). Thus N(G) is 
trivial or a Z,-extension of the hyperbolic subgroup of Aut U fixing 0 and 
oo (this group is isomorphic to the multiplicative positive numbers). To show 
we have a Z,-extension, we must find just one Möbius transformation that 
conjugates C into C~ +. Clearly, z +» —(1/z) will do this. We wish to see what 
N(G)/G looks like as a group of motions of 4,. First let us consider the 
mapping (4.6.1). Recall the holomorphic universal covering 


p:U > 4, 


_log z 
p(z) = exp( 2ni fag i) 


Thus a (multivalued) inverse of p is given by 


is given by 


1 
Zhe anz log A log z). 
ni 


From this it follows that z+» kz induces the automorphism (a rotation) 
z+ ez of A,, where ky = (27 log k)/log A. Note that these automorphisms 
are extendable to 64, and fix each boundary component (as a set). The 
automorphism corresponding to z+» —(1/z) is z> r/z. This map also has 
a continuous extension to 64, and switches the boundary components. We 
see that Aut 4, is isomorphic to a Z,-extension of the circle group. 


V.4.7. We examine next the torus. Let the covering group G of the torus 
T be generated by z > z + 1 andz++z+1,Imt>0. It is quite easy to see 
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that A(z) = az + b (A e Aut C)is in N(G) ifand only if a and at are generators 
for the lattice G. In particular, all the translations (a = 1) are in N(G). Thus, 
Aut T contains T(= C/G) as a commutative subgroup. (We have thus shown 
that Aut T is never discrete.) 

When is Aut T a proper extension of T? First, since a and at are two 
linearly independent (over Z) periods that generate the group G we have 


a=a+ Ptr, at=at+ fpr? = y + ôt, (4.7.1) 


with X = [% f] e SL (2,Z). In particular, we see that for (Aut T)/T to be 
non-trivial, t must satisfy the quadratic algebraic equation with integral 
coefficients 

Br? + (x — dt — y = 0. (4.7.2) 

If B = 0, then y= 0 and « = 6 = +1 and the equation (4.7.2) reduces to 
the trivial equation. Since « = 1 corresponds to a translation, the only new 
automorphism (a = —1) in this case is the one corresponding to z++ —z. 
Thus Aut T always contains a Z,-extension of T. If 6 40, the question 
becomes more complicated. We have of course shown that for most t (in 
particular for all transcendental t), Aut T is a Z,-extension of T. 

Assume that B # 0. Equation (4.7.2) asserts that the Möbius transforma- 
tion corresponding to X € SL(2,Z) has a fixed point t in the upper half plane. 
Thus X must be an elliptic element. 

If A e Aut T, then we can write A uniquely as 


A = A, o A), 
where A, fixes 0 and A, T. To show that (Aut T)/T is finite we have to 
show that the stability subgroup of the origin is finite. We may assume that 


A e (Aut T), is given by z > az. The number ae C* is, of course, subject 
to the restriction (4.7.1). Simple calculations show that 


salt avi 4 
$ ATS, 


2 


with y the trace of the elliptic element X e SL(2,Z)/+ I. 

Since SL(2,Z) has only finitely many conjugacy classes of elliptic elements, 
the number of a’s is finite. (Since 0 < xy? < 4, we must have |a| = 1. As an 
exercise prove this another way.) 


V.4.8. It remains to show that we have exhausted all M with Aut M not 
discrete. We may restrict our attention to those surfaces whose universal 
covering space is the unit disc (or the upper half plane U). 

Let G be the covering group of M. Suppose there exists a distinct sequence 
fac N(G) such that lim, f, = 1. Choose 1# AeG and observe that 
lim, f,° Aco f, '°A~! =1. Since A a A EG there exists an N 
such that fio Ao fp ° A7! = 1 for n > N. Thus f, commutes with A for 
large n. If A is parabolic, then by Lemma IV.6.6 so is f, for large n; and A 
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and fa have a common fixed point. Since 1 4 A € G was arbitrary, G is a 
commutative parabolic group and by Theorem IV.6.1, M is the punctured 
disc. 

Similarly, if A is hyperbolic, every element of G is hyperbolic and com- 
mutes with A. Appealing to the same earlier theorem, we see that M is an 
annulus. 


CHAPTER VI 
Theta Functions 


We have seen in Chapters III and IV how to construct meromorphic func- 
tions on Riemann surfaces. In this chapter, we construct holomorphic 
functions on the Jacobian variety of a compact surface, and via the embedding 
of the Riemann surface into its Jacobian variety, multivalued holomorphic 
functions on the surface. The high point of our present development is the 
Riemann vanishing theorem (Theorem VI.3.5). Along the way, we will re- 
prove the Jacobi inversion theorem. 


VI.1. The Riemann Theta Function 


In this section we develop the basic properties of Riemann’s theta function. 


VI.1.1. We fix an integer g > 1. Let S, denote the space of complex 
symmetric g x g matrices with positive definite imaginary part. Clearly, 
©, is a subset of the 1/2g(g + 1)-dimensional manifold X of symmetric 
g X g matrices. To show that G, is a manifold, it suffies to show that it is 
an open subset of X. But a real symmetric matrix is positive if and only if all 
its eigenvalues are positive. Thus if to € S,, Im to has positive eigenvalues. 
Since this also holds for all te X sufficiently close to to, S, is an open 
subset of X. The space S, is known as the Siegel upper half space of genus g. 


(Note that S, is the upper half plane, U.) We define Riemann’s theta func- 
tion by 


1 
O(t) = exp 2ri(3'NeN + Nz), (1.1.1) 


N ezZ9 2 
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where z e C? (viewed as a column vector) and t € S, and the sum extends 
over all integer vectors in C’. To show that 0 converges absolutely and 
uniformly on compact subsets of C’ x S,, we review some algebraic and 
analytic concepts. 

First of all, as we already observed, every (real) symmetric matrix has 
real eigenvalues. Next, every real symmetric positive definite matrix has 
positive eigenvalues. Furthermore, for a real symmetric matrix T, the 
smallest eigenvalue is given as the minimum of the quadratic form (nere m) 
is the usual inner product in R?) 


oS (CT Xs), x € RY, 


x= 


(we use ||: || to denote the Euclidean norm). 
For te ©, we let A(t) = minimum eigenvalue of Im t. Then A(t) > 0, 
and if K is a compact subset of S, we also have 
min {A(t)} > 2o > 0, 


tek 
because 


S, x R’ 3 (t,x)  ((Im 1)x,x) € R 


is a continuous function. 
To show convergence of 0 on compact subsets of C° x ©,, it suffices to 
show convergence in a region 


R = {(z,1) e C? x G,; |z| < M and A(t) = Ay > 0}. 


We note that 
lexp 2xi(S'NtN + 'Nz)| = exp Im(—z'NtN — 2r' N2). 


Now by the characterization of minimum eigenvalues: 


t N N 
Im(—2'NtN) = —n((Im 1)N,N) = —n||N||?{ (Im TNT INI 


< =al[N||24(2) < —al||P2o, 


and by the Cauchy-Schwarz inequality 
Im(—2z'Nz) < 2n|'Nz| = 2n|(z,N)| < 2z||z||||N|| < 27M||N||. 


Thus an upper estimate for the absolute value of the general term of (1.1.1) is 
2M 
—n||N||?2>9 + 22M||N||) = — MP%9(1 - req) 
exp(—a.N|Pao + 2eM|NI) = exp( allNIP%0( 1- re 
Now only finitely many terms N e Z% satisfy the equation 


TM TNE 
INIo 2 
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(because N is an integer vector). Thus for all but finitely many terms, the 
general term of (1.1.1) is bounded in absolute value by 


exp(—7Ao||N||’), 
and our series is majorized by 


1 
X exp( —3r%al?) 


NeZ9 


1 g 
` exp( -524 >} i) 
j=1 


NeZ9 


g oo 1 
D 2 es —- nhon? }, 
JEL nj=—-@ 2 


which converges since each factor converges (by the Cauchy root test, for 
example). 

We have shown that @ is a holomorphic function on C% x &,. We shall 
be mostly interested in this function with fixed t € S,. In this case, we will 
abbreviate 0(z,t) by 6(z). 


Remark. The one variable theta function 


= 1 
G(Z1)= D exp ani] 50s + ne zeC,tevu, E2) 


=A) 


already has a non-trivial theory. 


VI.1.2. We now proceed to study the periodicity of the theta function. 
Let I, = I denote the g x g identity matrix. 
Proposition. Let u, pu’ € Z’. Then 

O(z + Iu’ + ty, t) = exp 2ni[ —'uz — ¥utu]0(z,1), (12271) 
for all z e CY, allt € S,. 


Proor. We start with the definition (1.1.1) 
O(z + Ip’ + ty, 7) 


1 
=J ‘exp dni] SINAN + NG + Iu + u | 


Nez 
j 1, t 1 t t , t 
= ARET PAK] z (N +a(N +p) + (N+ WZ-5 utu +' Ny’ — ‘yz 
(to obtain the above identity use the fact that 't = t) 
1 1 
J en oi oni) ~uz vi si exp 2zi Ew + p)t(N + pw) + (N+ us| 
(because ‘Ny’ € Z) 
= exp 2ni[ —'uz — yutu] 0(z,7) 


(because (N + u) is just as good a summation index as N). E 
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Corollary 1. Let e” be the j-th column of I g Then 
A(z + e”, 1) = 0(z,1), all z e C%, all t € Sa (1.2.2) 
Proor. Take p’ = e, u = 0. CO 


Corollary 2. Let t be the k-th column of t, and ty, the (k,k)-entry of t. Then 
6(z + t,t) = exp oni] -a = “| A(z,t), allze T’, allte S, (1.2.3) 


where z, is the k-th component of z. 
Proor. Take w = 0, u = e™®. O 


Remark. It is also easy to verify that @ is an even function of z. Thus in addi- 
tion to our basic formula (1.2.1), we also have 


6(—z,t) = O(z,1), all z e C’, all t € &,. (1.2.4) 


VI.1.3. Formula (1.2.1) suggests that we should regard the 2g vectors 
eù j=1,...,9, 1, j=1,...,g, as periods of 0(z,t). Of course, only the 
first g vectors are actually periods; however, if we consider the g x 2g 
matrix, Q = (I,,t), we can rewrite (1.2.1) as 


a(: + a c) = exp ani (2] N) = TA eaa C) 


where À is the g x 2g matrix (0,— 1,). If we now denote by e®, k = 1,..., 2g, 
the 2g columns of the 2g x 2g identity matrix we can rewrite (1.2.2) and 
(1.2.3) as 

O(z + Qe”, t) = exp 2ni["(Ae™)z + y, ]O(z,7), (1.3.2) 


where y, is the kth component of the vector y in C*% defined by 
BLT, 

=e (Uremic its ott L gg): 
A holomorphic function, f, on C? which satisfies the conditions 


f(zi+ Qe) = exp 2ni['e™)z + 7, f(z),  k=1,..., 29, 


all z e C’, with Q and å g x 2g matrices and y e C”4, is called a multiplica- 
tive function of type (Q,A,y). What we have seen here is that @(z,t) is a 
multiplicative function of type (Q,A,y) on C? with Q = (I,t), 4 = (0,— I), 
y= —2(0,...,0,t11,... Tg). Given Q, A, and y, we can ask whether there 
exist multiplicative functions of this type. We shall, however, not pursue 
this question any further. There is, of course, an intimate connection between 
these questions and function theory on complex tori (recall II.11). 


VI.1.4. More generally, we shall consider in place of 0(z) the function 
obtained by taking a translate of z namely 0(z + e) for some e e C. It is 


clear that 
O(z+e+e) = A(z +e), (1.4.1) 
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and that 
Olz +e+7™) = exp ani) -z — e, — w] O(z + e). (1.4.2) 


The connection between theta functions and the theory of multiply periodic 
functions on C* is seen rather clearly when one considers two distinct points, 
d and e e C’, and sets 


O(z + e)0(z — e) 
O(z + d)0(z — d) 


It is clear from (1.4.1) and (1.4.2) that f(z) in (1.4.3) is a periodic meromorphic 
function on C’ with periods sa TORE G: 

Recall that the columns of the g x (29) period matrix (I,t) are linearly 
independent over the reals so that every ee C% can be expressed as 
e = I(e'/2) + t(e/2) where the number 2 appears in the denominator for 
technical reasons. Hence 


= f(z). (1.4.3) 


é E 
se+o=of2+15 +15), 


This suggests that we should define a function on C° x Y by 
E : E E : E e’ 
0 A= 2ni[4 ( N +- = = am | 
Je T) = exp} ni[4 ( + Se(v + s) + (x 4 aC — al 
We observe at once that 
0 
alo Zo = G(2.7) 
and that, in general, 
G A oat Si 3 Tt ERAT e’ E 
0 Pt (z,t) = exp \ 2ni[4 ete + 5 ez + ee | PO) z+ is + T . (1.4.4) 


VI.1.5. For our work, the most important case is when e, e’ are integer 
vectors. In this case, 0[{](z,t) is called the first order theta function with 
integer characteristic [È]. 


Proposition. The first order theta function with integer characteristic [$] has 
the following properties: 


ole (z + e™,t)= exp oni) Jol © | (zt), (1.5.1) 
ole | (z +1, t) = exp oni) -z — = = au (zo) a (ES) 
ole |e- z,t) = exp oni) = ice (2,2), (1.5.3) 
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and 


ee 2v tey’ E 
0 Zi = J Ce > 
i i al t) = exp ani) ; ole Je (1.5.4) 


(Here v and v' are integer vectors in Z9.) 
PRooF. Equations (1.5.1) and (1.5.2) follow from (1.2.1) by specialization. In 
other words, 


O(z + Ip’ + ty, T) 


= exp {zril} ‘ete + $ ‘e(z + Iw’ + th) 
TA, e’ E€ 3 
+3'ee']?O sT TU + Th, T 
= exp{2ni[§ ‘ete + 5 'e(z + Ip’ + tu) + 3 'ee’]} 


sg’ E€ e E 
A a [= rey pee A nen = 
x exp} 2ni| (z+ st] suru |toc(2 +15 rtr) 
= exp farit- ‘utp — ‘wz + $('u'e — entol i (z,7). 


Equations (1.5.3) and (1.5.4) are derived in essentially the same manner as 
(1.2.1) and (1.2.4); the proofs are omitted. E 


The importance of the statements (1.5.3) and (1.5.4) is that we immediately 
have the following 


Corollary. Up to sign there are exactly 279 different first order theta functions 
with integer characteristics. Of these 297 ‘(24 + 1) are even functions, while 
29 1(29 — 1) are odd. These 279 functions can be thought to correspond to the 
279 points of order 2 in C49/<I,t>, where <I,t> means the group (lattice) of 
translations of C? generated by the columns of (I,t). 


Proor. The only part needing some comment is the number of even and 
odd functions. This is established by an easy induction argument. oO 


EXAMPLE. When g = 1 the three even functions are: 0[9](z,t), O[9](z,t), and 
O[ 4 ](z,t). The odd function is @[; ](z,t). When g = 2 the six odd functions are: 


1 O il @ ih oll 

al o |) al tte al alen 
0 1 (0) il il 

al i len. ol ilen, olo tea 
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Remarks 


1. For the first order theta functions with integer characteristic, 0[¢](z,1), 
the even ones are precisely those for which ‘ge’ = 0 (mod 2) and the odd 
ones those for which ‘ge’ = 1 (mod 2). 

2. We have seen in the proof of Proposition VI.1.5 that 


E Wiese ies "Ce. i é e 

of leo- exp ani 575 + 5? + > ae +I 5 +T st). 
In particular, if 6[%](z,t) is an odd function, we have 0 = ol] (0.7) = 
exp 2ni[4(‘e/2)t(e/2) + (e/2)(e'/2) JO (e'/2) + t(e/2), 1). The points I(e'/2) + 
1(e/2) are points of order 2 in C%/¢I,t> and will be called even or odd 
depending on whether 6[§ ](z,t) is an even or odd function. Hence we 
immediately see that the Riemann theta function 0(z,t) = 6[6 ](z,t) always 
vanishes at the odd points of order two or at what we shall call odd 
half-periods. 

3. There is an additional property of first-order theta functions which we 
shall not need till Chapter VII. We leave the proof as an exercise for the 
reader. 

For u, u’ integer vectors in R, 


E ee 15 F fa) 


; t t F P ; Et H 
= exp farit- poe = pue Ea utoj H Jien. 


VI.2. The Theta Functions Associated with 
a Riemann Surface 


In the preceding section we have defined and derived some of the basic 
properties of first order theta functions with characteristics. In this section 
we show how to associate with a compact Riemann surface a collection 
of first order theta functions and study the behavior of these functions as 
multivalued “functions” on the Riemann surface. The basic result of this 
section is the following: A first order theta function either vanishes identi- 
cally on the Riemann surface or else has precisely g zeros (g = genus of the 
surface). In the latter case, we can evaluate the zero divisor of the theta 
function (more precisely, we can determine the image of the divisor in the 
Jacobian variety of the surface). 


VI.2.1. Let M be a compact Riemann surface of genus g > 1. Let ‘{a,b} = 
oreo ,a,,b,,...,b,} be a canonical homology basis on M, and let 
"{C1,.-+ Cg} =¢ be a basis for #'(M) dual to the canonical homology 
basis (recall III.6.1). 
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We thus obtain a g x 2g matrix (I,II) with e® =f, ¢, n® =], ¢, where 
as usual e® and x are the jth columns of the matrices ‘Tand IT respectively. 

We have already seen that the matrix T is a complex symmetric matrix 
with positive definite imaginary part. It follows therefore, from VI.1.1, that 
we can define first order theta functions with characteristics using the matrix 
II. We therefore obtain, as in VI.1.5, 279 theta functions 0[¢ ](z,/7). 


VI.2.2. There are, of course, many ways to choose a canonical homology 
basis on M. If {a}, ...,a),b), ...,b,} = ‘{a’,b’} is another canonical homol- 
ogy basis, and '{¢4, . . . ,¢,} = ¢’ is the basis for #(M) dual to this new basis, 
we obtain a new g x 2g matrix (I,II), and can define first order theta func- 
tions with characteristics using the matrix IT’. We have seen in Chapter V 


that 
a|_ |A Bila 
w Cee. |i Dal 
with [é 3] e Sp(g,Z). Thus using obvious vector notation 


a’ = Aa + Bb, 


ik = UPA = A + BII, 
and hence 


(=(A + BIT)", 
and 


mW = {0 = ferens (AH BI) = (C + DIA + BI). 


Thus M and I are related by an element of the symplectic modular group 
of degree g. The relation among the corresponding theta functions involves 
then the study of modular forms for the symplectic modular group (which 
will not be pursued here). 


VI.2.3. We shall for the remainder of this chapter assume that the 
Riemann surface M has on it a fixed canonical homology basis ‘{a,b} = 
(Gig eea biet ,b,, and we will study the theta functions associated with 
M and ‘{a,b} as functions on M. We do this by recalling that we have intro- 
duced in IJI.6 a map y:M —> J(M) = C%/L(M), where L(M) is the lattice 
(over Z) generated by the 2g columns of the matrix (J,/7). Recall that ọ was 
defined by choosing a point Poe M and setting ọ(P) = bo 6 Where ¢ = 
(C1, ...5C,) is the basis of X (M) dual to '{a,b}. We now consider 0 © g and 
in this way view 8 or O[¢], where [$] is an integer characteristic, as a func- 
tion on M. The reader is, of course, aware that 0 © ọ is not single valued on 
M, since ọ is not single valued (as a function into C’) on M, but depends on 
the path of integration. We have seen (Proposition III.6.1) that the map @ 
is well defined into J(M), and therefore the function 0 © ọ has a very simple 
multiplicative behavior. The behavior of this function is not quite as simple 
as the behavior of the functions considered in III.9, since here the multiplier 
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y acquired by continuation over a cycle depends on the variable z as well as 
the cycle. At any rate, it is immediate from Proposition VI.1.5, that con- 
tinuation of 6[£.]  g along the closed curve a, (respectively, b,) beginning at 
a point P e M, multiplies it by 


y(a,) = exp 2ni[¢,/2], (2.3.1) 
x(bi) = exp 2ni[ —€;/2 — my/2 — ọ(P)], (2.3.2) 


or we may say more simply that analytic continuation of 0[}.] - @ over the 
curve q, (respectively, b,) beginning at P carries 0[$] © ọ into 


exp 2ni[e/2]0[2] > @ 


(respectively, exp 2ni[ —«,/2 — m,/2 — o,(P)]O[]° p), where @, is the Ith 
component of the map ọ. It therefore follows that 6[ ] - o is a holomorphic 
multiplicative function on M with multipliers given by (2.3.1) and (2.3.2). 


VI.2.4. We now wish to study the zeros of 6[§]°@ on M. We observe 
that even though 0@[.](z,/7) is not a single valued function on J(M) = 
C4/L(M), the set of zeros of 0[¢](z,IT) is a well defined set on J(M) (Prop- 
osition VI.1.5). The set of zeros of O[§](z,t), for any symmetric t with 
Im t > 0, is an analytic set z C? of codimension one and in particular for 
t = IT, the zeros of 0[¢](z,II) form an analytic set of codimension one in 
J(M). The map 9g, by A H ia II.6.1, is a holomorphic mapping of 
maximal rank of M into J(M). The study of the zeros of @[%]° @ on M is 
thus the study of the intersection of the image of M in J(M) under ọ and 
the analytic set consisting of the zeros of @[.](z,J1). Since M is compact 
there are only two possibilities. Either 6[£.] o @ vanishes identically on M 
or else 0[%,] © g has only a finite number of zeros on M. Neglecting for the 
moment the former possibility, can we determine how many zeros does 
Oli] ° p have on M? 

It involves no loss of generality to assume that no zero of 0[È] © ọ lies 
on any curve chosen as a representative for the canonical homology basis. 
In order to count the number of zeros, we need to evaluate 


1 
xs Inu 1108 OL] o, 


where .@ is the polygon associated with M whose boundary consists of 
representatives for the canonical homology basis (ô = IE 3-1 ajbja; 1b; 1), 
In order to further simplify notation we shall denote 6[? Jo @ by u 

We now compute 


sol ae e Da, df 


2ni Jom f 2ni FA 


aktbktag!+bg! f 
APAR wo o di djE 
A hE- ELE- E) 
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where f~ denotes the value of f on the cycle a, ! or b, +. It follows imme- 
diately from (2.3.1) and (2.3.2) that if P is a point on a, 


f~(P) = exp ani] 3 ee aP) | f(P), 


while if P is a point on b,, 


f(P) = exp ani * | f7(P). 


Thus for P a point of b,, (df/f — df ~/f ~)(P) = 0, while for P a point of a,, 
(df/f — df ~/f~)(P) = 2ni¢;,(P). It therefore follows that (1/27i) fs u (df/f) = 
(1/2ni) $ 3-1 fa, 2xip;,(z)dz = g. We are here exploiting the fact that @;(z) dz 
is the kth element of the basis of #'(M) dual to the homology basis 
{a1,...,@g,b,,...,b,}. At any rate, we have shown that if 6[{.]° @ is not 
identically zero it has precisely g zeros on M (counting multiplicities). 

The next natural question which arises in regard to the zeros is: can we 
find the divisor of zeros? What we shall do is find the image % of the divisor 
of zeros of 6[£] - o under the induced map on integral divisors of degree g, 
gy: M, ~> J(M). To this end we consider (1/2ri) foa o(df/f), where ¢ is the 
column vector a .++,Q,) and f = 0[È] °- p. We immediately find that 


1 df 
~ sally = z ER 1+ by 1 ae i 


jy 2 df _ af df Eda 
“eh [Les t+ { (ofa 2) 


where g plays the same role for g as f~ served for f. We once again use 
the relation between f~ and f and the fact that for P a point on ap, ọ = 
gy + x, while for P a point on bp, 9 =o + e™. Thus 


wy df na d 
=a Sf. F - 0 + 20)(F— arias jaz) 


PTUS 
$ TENON i 
OE p 
+ f,,@ ga = p | 
g 
= = »; j ee 7 + 2nin™ p;(z) dz + 2nip@;,(z) az| 
Ket E 


+55. 7 h.e n 


We now need to evaluate i, of the form fa, (df/f) E fox (af/f). 
Since df/f = d log f, the integral in question is simply log f(P,) — log f(P2), 
where P, = P, are the initial and terminal points of the ae a, (or b,). 
(The difference is not zero, since we must use different “branches” of f.) We 
now once again use (2.3.1) and (2.3.2) to obtain for P, and P, initial and 
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terminal points of a,, f(P2) = exp[27i(¢,/2)] f(P,), and for P, and P, initial 
and terminal points of b,, f(P2) = exp 2mi[ —(&,/2) — (74./2) — @(P1)] f(P,). 
This shows that 


g 
D | -20(2 = + 2nin + n2ni + 2ni Í po,(z) az| 
=1 k 


jee i : Eres Gr. : 
ae ere dm ISe ee 2nim, |, 
7 k=1 


where m, and n, are integers. It therefore follows that 


1 df 
Dea 


— 4 eine A odie (1 rr ) 
k=1 2 2 


t (l pp, dz — a(S + pP) an em | 
or finally 


1 


Z= -N5 -17+Ihn+Im- 9, 


a= $ | | oora e7 + 4) | (2.4.1) 
k=1 ay 


Remark and Definition. The vector # depends, of course, on the choice of 
the canonical homology basis and the choice of the base point P, of the 
map ¢. (There is an illusory dependence on the base point P, of 2,(M) 
which can be dispensed with by choosing P, = P, in the above.) The vector 
X is known as the vector of Riemann constants. It will be denoted by Kos 
when its dependence on the base point is to be emphasized. 

Let us consider as an example, the case g=1 and e=0=¢c'. We 
represent the surface M as the complex plane factored by the lattice 
generated by 1 and t, where qt is a complex number with positive imaginary 
part. (In this case, of course, M = J(M).) Direct calculations yield 


where 


AM = —} + 


This once again shows that 6(-,t) vanishes at the unique odd half-period 
and nowhere else. 


We have proved the following 


Theorem. Let M be a compact Riemann surface of genus g > 1 with canonical 
homology basis ‘{a,b}. Let 0[¢.](z,I1) be the first order theta function associated 
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with (M,'{a,b\) and let ọ be the Abel—Jacobi map M > J(M). Then O[ È] ° ọ 
is either identically zero as a function on M or else has precisely g zeros on 
M. In this case let P, -> P, be the divisor of zeros. We then have p(P,‘*: P,) = 
—ITe/2 — Ie'/2 + IIn + Im — X, where n and m are integer vectors and X 
is a vector which depends on the canonical homology basis ‘{a,b}, and the base 
point of the map @: M > J(M). In particular, since TIn + Im is the zero point 
of J(M), we have (Pi ~- P,) + X = —MHe/2 — Is'/2. 


Remark. Consider the “function” on M 
Pi O(@(B) =e); 


with e e C%. If this “function” does not vanish identically on M, it has g 
zeros P,,..., P,. The theorem asserts that 


oP, P)+X =e 


(where in the last equation we understand by e not the point in C%, but its 
projection in C9/L(M)). Our remark is valid because in the proof of the 
theorem e and ¢’ were arbitrary points in R? (we never used the fact that the 
characteristics were integral). 


VI.2.5. We wish next to characterize the zero set of 0[;](z,/7) as a subset 
of J(M). In view of (1.4.4) it suffices to consider only the functions of the 
form 

zt 0(z — e), 


with fixed e e C%. It is now convenient to review some concepts that we 
studied in III.11. Recall that for every integer n > 1, M, denotes the integral 
divisors of degree n on M (or equivalently the n-fold symmetric product of 
M). Using the mapping g:M,, > J(M), we can view 0 as a locally defined 
holomorphic function on M,„. Also, W, denotes the image in J(M) of M,, 
under the mapping 9. Recall that for De M, (Proposition HI.11.11(a)), 
the Jacobian of the mapping g has rank n + 1 — r(D` +), which by Riemann- 
Roch equals g — i(D). Taking n = g and a non-special divisor D € M,, we 
conclude that 
o:M, > J(M) 


is a local homeomorphism at D. Thus since 0 # 0, 0 does not vanish iden- 
tically on any open subset of M,. 


V1.3. The Theta Divisor 


In this section we begin a study of the divisor of zeros of the theta function, 
culminating in the Riemann vanishing theorem (Theorem VI.3.5), which 
prescribes in a rather detailed manner the zero set of the -function on C°. 


310 VI Theta Functions 


We also obtain necessary and sufficient conditions for the 0-function to 
vanish identically on the Riemann surface (Theorem VI.3.3) and as a by- 
product, an alternate proof of the Jacobi inversion theorem. 

In the previous section we saw that the “function” on M, 


P ++6(9(P) — e), 


if not identically zero, has g zeros on P,, ..., P, and that e = (P, =: P,) + 
k. If in place of the above function we consider for any integer «, a closely 
related function, 


P ++ G(ap(P) — e), 


we would find that this “function”, if not identically zero on M, has &?g 
zeros, P,,..., P,2, and that 


ae = (P, ` Py.) + ÈX. 


VI.3.1. Theorem. Let ee C’. Then 6(e)=0 if and only if ee WIRA 
where X is the vector of constants of Theorem V1.2.4. 


Proor. We first show that if ee W,_, + #, then (e) = 0. To this end, 
choose a point ¢ = P, --: P, in M, with P, # P, for k # j such that i(C) = 0. 
If ¢’ is any other point in M, sufficiently close to ¢, then since iS 
i(P, +- P,) = g — rank(C,(P))), i(¢’) = 0 as well. Set e = (fC) + X and con- 
sider Y (P) = 0(ọ(P) — e) as a function of Pe M. 

There are now two possibilities to consider. Either y is identically zero 
or not. In the former case, we have for each k = 1, ..., g, 


OlolP,) — (P(Py -> P,) + X) = O(—@(P, = Ê B) — #) 
= 0(9(P, ++: BaP) + #) =0 


(where we have used symbol P, :-: P, -:- P, to mean P, does not appear in 
the divisor) because (by (1.2.4)) @ is an even function. In the latter case, 
we have from Theorem VI.2.4 that w has precisely g zeros on M, say, 
Q,,...,Q,, and that g(Q, = OPERATA Since. (= Pes P, was chosen 
so that i(P, +: P,) = 0, it follows from the Riemann—Roch theorem and 
Abel’s theorem that Q, =- Q, = P, P,. Therefore, even in this case we 
have 6(9(P, aP EPt X )=0 for each k= 1, ...,g. The remark at 
the beginning of this proof showed that the divisors ¢ of the form under 
consideration, ¢ = P, -:: P,, with PART for j#k and i(¢)=0, form a 
dense subset of M,. Thus divisors of the form P, ++: P, ++: P, form a dense 
subset of M,_,. Hence 0 vanishes identically on Wear 4 

Conversely, suppose @(e)=0. Let s be the least integer such that 
OW- — W,- — e) =0 but (Ww, — W, —e) #0. Here W — W- has the 
obvious meaning (e € W, — W, < e = f—h with f,he W). Our remarks 
at the end of VI.2.5 immediately give 1 < s < g. The hypothesis we have 
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thus far made assures us of the existence of two points in M,say 6 = P, =+: P,, 
w= Q, `- Q, such that O(p(P,--: P,.) — o(Q,°°:Q,) —e) #0. We can 
assume without loss of generality that P, # P; for k # j, Q, # Q; fork £j, 
and P, # Q; for all k, j. 

Consider now the function P +> 6(g(P) + ọ(P3 °° — ~(Q0,°°-Q,)—e). 
This function does not vanish identically as a aan? oneM, since P= P; 
is not a zero. On the other hand, it is immediately clear that P = Q,, 
j=1,...,s, is a zero of this function. It therefore follows from Theorem 
VI.2.4 that for some T, ``- T,_,€ M,- 


oQ 0.) — oP P,) +e = 9(Q0, °*:O,T; °° TR) sy foal IRT) 
or that 


e = O(T, TP P) + X, (3.1.2) 


which is obviously a point of W,_, + X. (Note that the above arguments 
work also for s = 1.) E| 


VI.3.2. We now observe that we can really prove a bit more than we have 
claimed in VL3.1 The points =P Pande = O07 0, utilized in 
the above proof, were fairly arbitrary in the sense that any other points 
Ç', œw e M, which are sufficiently close to ¢ and œ would have worked as 
well. We also found that e = p(T, -:: T,-,P,°:: P) E€ M,-, has at least 
s — 1 “arbitrary” points P,,..., P, in it. Let D’ = P’, --- P, be arbitrary but 
close to P, -++ P,. The argument of VI.3.1 shows 


e=9(T," T SON EN A 
= Gg A P WA 


Taws Ih ee Ip ea heel a oaia DY AN theorem. Lemma 
III.8.15 now implies es ee : T;-sP2 `+: P,) > s and thus (by Riemann- 
Roch) that i(T, -*: Tj- iP) as. 

On the other ei bos that e = ọ(4)+ X with 4eM,-_, and 
i(4)= s. Then A has precisely s — 1 “arbitrary” points. Any point X of 
W,_, — W,-1 —e is of the form A P,-1) — Oe — @ with 


e = 9(4) + K = ọ(P, = P,_,6) + X and ôe M,_,. Therefore, we have 
X= 0 P22 Fe) — OO pe OF) aa OPT era) 
=a —@(Q; 1 Ovo) = 


and X e —(W,_, + X); and 0(X) = 
We can therefore now strengthen re Theorem VI.3.1 to the following 


Theorem. For e e C%, 0(e) = 0 if and only if ee W,_, + X. If e e W- + %, 
and e = o(f) + X with ¢ e M,- and i(t) = s ( > 1), then 0(W,_, — W.-, — e) = 
0. Conversely, if s is the least integer such that O(W;—ı — W.-1 — e) = 0 but 
6(W, — W, — e) #0, then e = oC) + X with ¢ e M,_, and i(t) = 
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Proor. All but the last remark is contained in the discussion preceding the 
statement of the theorem. In the discussion we only showed i(¢) > s; however, 
the statement i(f) = s is an immediate consequence of the one preceding it. 
If i(f) > s, we would have 6(W, — W, — e) = Ocontrary tothe hypothesis. [J 


VI.3.3. In the above analysis we have several times encountered the multi- 
valued holomorphic function on M 


Y : Pœ O(a@(P) — e) 


with fixed « € Z and fixed e e J(M). (Recall that this function depends on a 
choice of base point for ọ.) We have observed that either w vanishes 
identically or else has precisely «°g zeros. When does each of these 
possibilities occur? The answer is given by the following: 


Theorem. Let P, be the base point of the map ọ. Then vanishes identically 
on M if and only if e = pp (Q1 ``: Q,-1) + Xp, and i(P§Q,-::Q,-,) > 0. In 
particular, for « = 1 we have that e = p (D) + Xp, with D e M,, then w is 
not identically zero if and only if i(D) =0 and D is the divisor of zeros of 


Y. 


ProoF. If y vanishes identically (so that, in particular, @(e) = 0), then for 
each point P e M, we have 


Ppr (P*) Fr Hp (Qı ae? Q,-1) i Kp, > — Pp, (Ry piss RPEN) = Kp, 
or that 
Pp,(P*R, = Ry-1) = @p,(P5Q1 ` Q,-1). 


As a consequence of Abel’s theorem, we find that for each P e M there is a 
meromorphic function in the vector space L(1/P%Q, -:: Q,-,) which has 
a zero of order at least ~ at P. This implies, as a consequence of the 
Riemann—Roch theorem, that i(P§Q, ` Q,-,) > 0. 

Conversely, if i(P5Q; -*- Q,-,) > 0, then by the Riemann—Roch theorem 
r(1/P5Q, °° Q,-;)=%+ 1 so that there is a function in the space that 
vanishes to order at least « at any point P e M. Therefore, 


(pp, (P* = Pp, (PoQ is es) Aa) z Ol(pp (P > Pp,(P*R, aN Kao) = Kp.) 
= O(— Pr (Ri oP Ree) = Hp,) = 0. 
LJ 


As a consequence of the above theorem we can immediately conclude the 
following 


Corollary. If « > g, then for no base point P, can W vanish identically on M. 


Proor. Identical vanishing would give by the theorem that AUO AO) => 
0 which is clearly impossible. LJ 
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Remark. Another immediate consequence of the theorem is that if 


ci. Pr (Q: EO Kp, 


and i(Q, `: Q,_,) = 1, then there are only finitely many points Py for which 
we have identical vanishing of y. Furthermore, if i(Q, +++ Q,-,) > 1, then for 
every point P, we have identical vanishing of w for « = 1. As a matter of 
fact, for « = 1, we can strengthen the above result. For the convenience of 
the reader, the next theorem is established without reference to the previous 
theorem. 


Theorem. Assume a = 1. 
a. If ee J(M) and py = 0, then e = p(D) + X for some D e M, with i(D) = 
s > 1, and s is the least integer such that 
O(W.41 — W, — e) #9. 
b. If e = ọ(D)+ X, De M,, then y £ 0 if and only if i(D) = 0 and D is the 
divisor of zeros of Y. In particular, Y = 0 if and only if i(D) > 0. 


PROOF. Let s be the least integer such that 0(W,,, — W, — e) #0. Then 
Ores ae GHOSE i. ae ta, Osan O suchi that 


O(p(Py - + Ps+1)- (Qi EO) — 2) #9. 


Consider the function 


P+ O(p(P) + p(P2°** Pit) — oli Q) — e) 


which does not vanish identically (it is non-zero at P,). It then has (by the 
minimality of s) g zeros 


Oto ae Op lag, mao] Se 


Thus, again by Theorem VI.2.4, we conclude that 


Un Orig ay te eng Os) OE Pee) tse; 


or that 

C= Ol E Psa ee, EM. 
As before, the divisor D = Tı `- T,-,P2°°* P,+1 has s free points. Thus 
r(D~') > s +1 and (by Riemann-Roch) i(D) > s. We have established part 
(a), since y = 0 implies s > 1. 

To establish part (b), note that by (a) if i(D) = 0, then y # 0. Conversely, 
suppose i(D) > 0 and y # 0. Choose Qe M such that w(Q) #0. Lemma 
III.8.15, implies that there exists a D' € M,_, such that e(D) = g(QD’). We 
now use Theorem Vi.3.1 to conclude that 


W(Q) = 9(p(Q) — e) = A(p(D) — p(D') — e) 
= 0(—9(D') — X) = W(e(D!) + X) = 0. 


This contradiction shows that y = 0. 
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To conclude the proof of part (b) we must verify that whenever e = 
(D) + #, D e M,, and i(D) = 0, then D is indeed the divisor of zeros of y. 
Let D’ be the divisor of zeros of y, then g(D) = ọ(D'). Since i(D) = 0, this 
implies that D = D’. E 


VI.3.4. As a consequence of Theorems VI.3.1 and VI.3.3, we obtain an 
alternate proof of the Jacobi inversion 


Theorem. Given a € J(M), there exists a D e M, such that p(D) = a. 


Proor. View a as a point in C’. Let e =a + X. Consider the function 
P++6(p(P) — e). If this function does not vanish identically, it has as its 
zero set a divisor D e M, with ọ(D) + # =e =a + X, by Theorem VI.2.4. 
If the function does vanish identically, then the last equation follows from 
Theorem VI.3.3. O 


VI.3.5. Lemma. The condition 0(W, — W, — e) =0 implies that all partial 
derivatives of 0 of order <r vanish at e. 


PROOF. Since the lemma clearly holds for r = 0, we take r > 0. We have 
OlolP:i = P,) — oli y Q,) — e) = 0 for all D = P, TAP EMT all Da 
Q,:::Q,eM,. Thus 


B(p(P) + e(P2--- P.) — o Q) e) 


vanishes identically on M as a function of P. If we now expand this function 
in a Taylor series about the point Q, and set P = Q,, we find the coefficient 
of a local coordinate at Q, to be 


(06/6z;)(p(P2°*- P,) — (Q2 ` `° Q,) — e)€(Q1), 


ims 


J 


which must vanish. Moreover, since Q, on M is arbitrary, we find that 
(00/0z )(p(P2--- P,) — (Q2: Q0)-e)=0 (by the linear independence of 
the ¢;’s for j = 1,..., g), and this holds for all points P Osea Ove 
M,-,. We conclude that (00/0z,)(W,-, — W,_, — e) =0, for j =1,..., g. 
We now simply repeat the argument for each of these functions and continue 
until we find all partial derivatives of @ of order <r vanish at —e, and 
therefore also at e. 5 


This lemma together with Theorem VI.3.2 gives us a substantial portion 
of Riemann’s theorem. We have seen that any zero, e, of 0 is of the form 
e= o(¢)+ X with Ce M,-ı. Furthermore, we have seen that if UOS 
then 0(W,_, — W,_, — e) = 0, and therefore all partial derivatives of 0 of 
order less than s vanish at e. We can thus say that in this case @ vanishes to 
order at least s at e. The Riemann vanishing theorem asserts that s is the 
precise order of vanishing at e; that is, at least one partial derivative of order 
s does not vanish at e. 
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We now return to the hypothesis of the last part of Theorem VI.3.2 
and observe that this hypothesis allows us to conclude the existence of three 
distinct points ¢, œ, t € M, with the additional property that the points in 
these divisors are all distinct, and 


Olole) — p(w) — e) £0, (3.5.1) 
Olot) — v(t) — e) £0, (3.5.2) 
Ollo) — v(t) — e) £0. (3.5.3) 


Equation (3.5.1) is a consequence of the hypothesis 0(W, — W, — e) # 0, 

while (3.5.2) follows by continuity from (3.5.1) for all t near œ. Finally, if 

for all t’ near œw, 0(~(@) — g(t’) — e) = 0, then by varying œw we would 

conclude once again that 6(W, — W, — e) = 0, contrary to hypothesis. 
Consider now 


O(p(P,; - +: Ps) — o(@) — e) 
Ho (Py Ps) = plc) e) 


as a function on M, ina neighborhood of ¢. By (3.5.1) and (3.5.2) this function 
is not identically zero on M,, since neither numerator nor denominator 
vanish at ¢. We would rather view this for the moment as a function on M, 
and in order to do so we consider 


A(p(P) + g(P2 +: : Ps) — elo) - e) 
A(p(P) + (P2: Ps) — elt) — e)’ 


and observe that as a function of P on M it is also not identically zero. 

The same arguments which were used in VI.3.1 give that the divisor of 
zeros of the numerator is wy with y € M,_,, and the divisor of zeros of the 
denominator is tô. Furthermore, Theorem VI.2.4 when applied to numerator 
and denominator separately gives 


f:P => 


e= 9(P,--: P.) + p(y) + # =o P) oO + #; 


from which we conclude ¢(y) = (ô). 

We now claim y = ô. If y # ô then Abel’s theorem gives us the existence 
of a non-constant function in L(y~'). The Riemann—Roch theorem gives 
ry!) =g—s—g+1+ ily) = ify) +1-—s. Now rly ')>2 yields ify) > 
s + 1; which then yields i(wy) > 1 (since i(wy) = i(y) — deg œ). We will obtain 
a contradiction by showing that i(wy) > 0 implies 0(@(P) + ọ(P2 °° P) — 
(w) — e) = Oas a function of P on M. We conclude from Theorem VI.2.4 that 
e + olw) — (P, = P) = plwy) + X so that we may rewrite our function as 


Pr 0(y(P) — (e(@y) + #)). 


By Theorem VI.3.3(b), this function vanishes identically, showing that 
y = ô. Therefore, the function f viewed as a (multiplicative) function on M 
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vanishes at the points of w and has poles at the points of t (and is holomorphic 
and non-zero elsewhere). 

It is now necessary to analyze the multiplicative behavior of the function f 
on M. It follows immediately from (1.4.1) and (1.4.2) that continuation of this 
function over a, leads back to the original function while continuation over 
the cycle b, beginning at P leads to exp 2zi[ g,(w) — @,(t)] f(P), where , is 
the kth component of o. 

Recall now the normalized differentials of third kind tpg with simple 
poles at P and Q with residue +1 at Pand —1 at Q. We found (III(3.6.3)) that 


1 


ni Ji Tpo = Y(P) — —,(Q). 


Let us now consider the function 


S 


Pas Pz ~ 
g(P) = exp( fe » ‘ni,) Ll e( f > tain) 


where w = Ri: Ra t= T; T, It is clear that g(P) and f(P) have the 
same zeros and poles and the same multiplicative behavior. Hence it follows 
immediately that f(P) = cg(P), with c a constant which may depend on 
P2: P,, since both f(P) and g(P) depend on P, - -- P,. If we write P = Pos 
however we observe that both f and g are symmetric in P,,..., P,; which 
implies that c is independent of the points P, and thus is an absolute constant. 
We therefore have 


A(p(P, --- P.) — p(w) — e) 


= cO(p(P, --- P) — o(t) — e) Ll exp| fy > tar | (3.5.4) 


We now differentiate (3.5.4) with respect to a local coordinate z at P, and 
set P, = R; to obtain 


ys (PLPP) — p(R2-** R,) — e)6(Ry) 


oreo 
=| ER 2L Pay (p(R,P2 - ++ Ps) — g(t) — e)C (Ry) (3.5.5) 
= il 


TORIPE EPI = O(n) = dEl) |, 


where E = Ij, exp({P* $5 , Tr,r,)- Since R, is a simple zero of E we have 
E(R,) = 0 but dE(R,) # 0, where we easily compute the derivative 


RIS ; ex Pk y rte 
3 I (I 2, tx) 
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by properly choosing the local coordinate z at R, with respect to which we 
differentiate. 


We now continue the process by differentiating (3.5.5) with respect to a 
local coordinate at P, and set P, = R, to obtain 


ee 
„k= 1 02502, 


J 


= cb(o(RıR2P3 ` ` ` P.) — p(t) — e)(d’E(R,,R3)). (3.5.6) 


(P(P3 ` P) — (R3: Re) — eX (Ri).(Ra) 


J 


We have used once again that R, is a simple zero of E, and therefore 
(dE(R,))(R2) # 0. 
We continue this process arriving finally at the sth stage and obtain 
0° 
s=jit-:+ +jg zi} Sl Sage dzie 


= chlew) — p(t) — e)(d°E(R,, ... ,R;)). (3.5.7) 


(FOCAR ECAR) 


It follows from (3.5.3) that the right side of (3.5.7) does not vanish. Hence 
the same is true for the left side and therefore it is surely not the case that all 
sth order partial derivatives of 0 vanish at —e (and therefore also at e). 


Theorem (Riemann). Let s be the least integer such that 0(W,_,; — W,-, — e) = 
0 but 0(W,— W,— e) #0. Then e = ọ(t)+ X with € M,-,; and i(C)=s. 
Furthermore, all partial derivatives of © of order less than s vanish at e while 
at least one partial of order s does not vanish at e. Conversely, if e is a point 
such that all partials of order less than s vanish at e but one partial of order 
s does not vanish at e then we have e = o(6) + X with Ce M,_, and i(C) = s. 


Proor. The first claim in the theorem is precisely the last statement of 
Theorem VI.3.2. The Lemma then gives that all partial derivatives of order 
less than s vanish at e. The statement that at least one partial of order s 
does not vanish at e is precisely the remark following (3.5.7). We now turn 
to the second (converse) part of the theorem. 

We assume that all partials of 0 of order less than s > 1 vanish at e. 
Hence by Theorem VI.3.1 we have e = g(f) + # with ¢ € M,-,, and the 
only question is: What is i(¢) equal to? First, i(€) cannot be less than s. If it 
were, then by the first part of the theorem it could not be the case that all 
partial derivatives of order less than s vanish at e. Similarly i(¢) cannot be 
greater than s. If it were, then by the first part of the theorem it would not 
be the case that there is a non-vanishing partial derivative of order s. Hence 
we conclude that i(¢) = s. 


VI.3.6. We have been making reference to the vector # of Riemann 
constants since Theorem VI.2.4. In this section, we give a new characteriza- 
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tion of X that partly explains its significance. Up to this point # has been 
defined simply by (2.4.1). We show here that the vector —2.% is the image 
of the divisor of a meromorphic differential under (the extension to divisors 
of the map) 9g. 

We have already seen that the divisor of a meromorphic differential on 
a compact surface of genus g has degree 2g — 2. Hence we now prove the 
following 


Theorem. Let 4 be a divisor of degree 2g — 2 on a compact Riemann surface, 
M, of genus g > 1. Then A is the divisor of a meromorphic differential on M 
if and only if p(A) = —2H%. 


ProoF. We first show that —2% is indeed the image of the divisor class of 
meromorphic differentials. It suffices to show, of course, that —2.% is the 
image of the divisor of a holomorphic differential. To this end let { be an 
arbitrary integral divisor of degree g — 1. It therefore follows from Theorem 
VI.3.2 that e = p(f) + X is a zero of the theta function. Since the theta 
function is even, —e is also a zero and (again by Theorem VI.3.2) —e = 
olw) + X, with œw an integral divisor of degree g — 1 on M. It therefore 
follows that p(€w) = —24#. 

We now need show that (a is the divisor of a holomorphic differential on 
M. We need only note that the divisor (w has g — 1 “arbitrary” points. It 
therefore follows (by Lemma III.8.15 as in VI.3.2) that r(1/€@) > g; which 
by the Riemann-Roch theorem implies i(Cw) > 1, and therefore Coy =I. 
Hence ¢q is the divisor of a holomorphic differential. 

Conversely, suppose 4 is a divisor of degree 2g — 2 on M such that 
p(4) = —2#. It follows by Abel’s theorem that there is a function f on M 
with divisor 4/(a), where a is a holomorphic differential on M and (x) 
denotes the divisor of «. Thus fx is a differential on M with divisor (fa) = A. 

O 


In the next chapter we will often make use of the following 


Corollary. The vector X of Riemann constants is a point of order 2 in J(M) 
if and only if PẸ®™? is canonical, where P, is the base point of the map 
ọ:M >J(M). 


ProoF. The point % is of order 2 if and only if —2% = 0 = (P3397). Now 
use the theorem. o 


VI.3.7. In the previous section we have identified the zero set of the 
0-function as W,_, + X where both W,-1 (recall the definitions in Chapter 
IIT) and # depend on the base point P}. It is clear that the zero set of the 
theta function does not depend on this base point; so that one is led to 
Suspect that the mapping 


CEM,-1, Cr+ Pr, (C) + Xp, € J(M) 
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is also independent of the base point P, e M. This, in fact, is the content of 
our next 


Theorem. The map defined on M,_, which takes € to @p,(¢) + Xp, is indepen- 
dent of the base point Py € M. 


Proor. We first observe that if O(e) #0, then the function 6(@p,(P) — e) 
does not vanish identically so that e = pp (Pı =: P,) + Xp, and that P,, 
..., P, are the zeroes of this function. Since it is always true that @p,(P) = 
Pp, (Po) + p,(P) for all Po, P;, P € M, we have 
A(@p,(P) — e) = 8(@p,(P) — pr, (Po) — 2). 
From the expression on the right of the equality we find that 
Pp (Po) + e = Gp, (Pi °°: Py) + Xp,- 
On the other hand, the expression we already have for e tells us that 
Kp, = p,(P8 *) Ar Hp, 


The above expression relating Xp, and Xp, is what gives us the result we are 
seeking. 

Let ¢ be any element of M,_;. Then gp,(£) + Xp, = pp, (P8) + Gp, (6) + 
Kp, = Prt) + Hp, as was to be shown. E 


We record for later use the fact exhibited in the proof 


Corollary. For any two points P and Q on M, we have 


Kp = Ko ae @o(P% *). 


We have encountered, in this chapter and in III.11, three very important 
and beautiful subsets of J(M). The first, is the zero set of the @-function 


O, 


zero 


= a 


the second, is the singular set of the -function (the points where 0 and its 
first partials vanish) 


O) 


sing 


AV A 


(see also VII.1.6); the third is the set of points e e J(M) which lead to the 
identically vanishing of the function y of V13:3 
Oxuper zero = Wy + A: 
It is obvious that 
O zero > Osuper zero > Osing: (3.7.1) 


Note that Oguper zero 1S always non-empty for g > 2 (take a Weierstrass point, 
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for example), while Oing IS non-empty for g > 4 by the Corollary to Theorem 
[1.8.13 and Theorem III.8.7 (also for hyperelliptic surfaces of genus 3). We 
conclude from Theorem III.11.19 that 


dim @,.., =g —1, 
dim O De zero — 9 — 2 


and 
g — 4 < dim Osing < g — 3, 


and hence the inclusions of (3.7.1) are all proper. The points corresponding 
to vanishing of the 0-function, but not identically vanishing (on the surface), 
are in 


(WAW + £ = (J(M)\W3) + 


The sets © er and Osing depend only on the period matrix I. The fact that 
such a set is non-empty can, of course, be translated by the Riemann vanishing 
theorem and the Riemann-Roch theorem into a statement about existence 
of meromorphic functions (of a certain type) on M. 

It should also be remarked that @,,,, and Osing are independent of the 
base point of the map g:M > J(M). Thus Osing describes those points 
e € J(M) corresponding to the identically vanishing of y for all choices of the 
base point (see also VII.2.1). 


CHAPTER VII 
Examples 


In this chapter we give applications and examples of the theory developed 
in the preceding chapters. The examples will consist mainly of taking con- 
crete representations of compact Riemann surfaces given by algebraic 
functions, and computing on these surfaces various objects of interest. The 
applications will give rise to new characterizations of surfaces with some 
given property. The format of this chapter will differ considerably from the 
format of the preceding ones. Many details will be omitted. One of the aims 
of this chapter is to convince the reader that computations are quite often 
possible; and these computations yield beautiful results. 


VII.1. Hyperelliptic Surfaces (Once Again) 


Our first set of examples will continue to deal with the class of surfaces 
studied extensively in III.7: the hyperelliptic surfaces. Recall that a hyper- 
elliptic surface M of genus g > 2 has an essentially unique realization as a 
two sheeted cover of the sphere branched over 2g + 2 points. It is the Riemann 
surface of the algebraic curve 
2g+2 
w= [|| (z-e), & #e;, fork Fj. (1.0.1) 
k=1 
VII.1.1. We adopt the following point of view in the above situation. We 
think of z as a variable point in C U {00}, and then view M as the Riemann 
surface on which w is a well defined (single valued) meromorphic function. 
On this surface, which must be a two sheeted branched covering of C U {co}, 
the projection map (which we shall also denote by z) onto C ùu {o0} is the 
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function of degree two, and we can think of w as a function of the point 
Pe M in the sense that w sends P e M into w(z(P)). Note that as a function 
of z, w is two-valued; it is defined up to sign. 

Alternatively, we can think of M as a surface of genus g > 2 with a mero- 
morphic function z of degree 2 and another function w satisfying (1.0.1). 

Theorem III.7.3 established the result that the 2g + 2 points z~ ‘(e,), 
| ORE RE 2g + 2, are the Weierstrass points on M, and that each of these 
points has weight g(g — 1)/2. Proposition III.7.6 showed that if we choose 
a Weierstrass point (say z- '(e,)) as the base point for the map ¢ of M into 
the Jacobian variety J(M), then for P € M, (P) is of order 2 if and only if P is 
a Weierstrass point. 

We can actually say more. We can compute precisely which half-periods 
(points of order 2) are in the image of g:M > J(M). We need for this pur- 
pose a model for a canonical homology basis on M. Recall the model dis- 
cussed in III.7.4, and set z ‘(e)) = P,, j=1,2,...,2g +2. We wish to 
amplify (for the convenience of the calculations) that model slightly to the 
one given in Figure VII.1. 


Figure VII.1. Hyperelliptic surface of genus 2. 


The hyperelliptic involution J can be viewed as a rotation by z radians 
about an axis passing through the 2g + 2 Weierstrass pomts: Honk = 1). 
g + 1, let p, be an oriented curve from P3,_, to Pap. Define b, as Pr followed 
by — JP, (that is, followed by Jf, is the opposite direction). The curve Ans 
k=1,...,g, is all in “one sheet” and it joins a point on b, to a point on 
b,,, and then returns to the point on b,. Whereas b, is invariant (as a point 
set) under J, a, is not. The curves a,,..., Gy, Dass b, form a canonical 
homology basis on M. 

In the following calculations, we use standard notation: 1S des (Sec cc 
is the normalized basis of #'(M) dual to the canonical homology basis, 
n™ is the k-th column of the period matrix I, etc...., as well as the fact 
that J acts as multiplication by — 1 on #1(M). Now, fork =1,.... g, 


(k) y pa v ¢ g 
AE 
I A he eee ie 


P Poet 
Bx Pkg 3 


Next, the intersection numbers satisfy for j =1,..., aj: 


aab = —1, bi be, fS10, 
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Thus up to homology 


=l = 5b, +-°° +5 


g? 


from which we conclude that 


Pooran KI 
ae C= s(n +--+ + 1), 


Pga = pi 


To compute some more integrals we introduce the curves %; joining P3; to 
Poj+1 and set «j= ĝ&;— Jĝ;. Again we compute intersection numbers 
e gand ke 20.) 


a= sb il, Oy Diag = = 1. 
Thus we conclude that (in H ,(M)) 


p= ap= ajay) OE E a = 1,0, S 


It now follows, as above, that 


ie č E = ety tw 4 gary ea lee oie g= 1 
2 : gis oi 


Pox 3 2 
We eG 
P2g 
We now combine all the above data in: 
p(P,) = 90, 
Piast aad 
p(P2) = p(P,) + le C= hake 
p(P3) = p(P2) + is Cae (noe) se*!), 


U= Tw tee tn 4 eh 4 ett), [oe Wee aap = NIK 


N 


PlParsa) =F Hi H wD 4 eD 4 ekt), heck eoo nim h 
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Notice that X) 21 g(P;) = 0, because (Pa = P2g+2)/P{9*' is the divisor 
of the function w (here we assume that z has a double pole at P,, and hence 
in (1.0.1) the product runs over the indices 2 to 2g + 2). 

We compute next 


1 
p(P 2541) = 5 (gn a. (g TR 1n” dL eg alt nO 4 ge? dt e”? ah oo le e). 


ips 


(1.1.1) 


Consider the map g:M, > J(M) at the point D = P3P,--- P,,,,. Its 
differential at this point is (the transpose of) 


C1(P3) cat C (P3) 
S) oa balPs) (1.1.2) 
C1(P2941) ie ETE) 


A change of basis for abelian differentials of the first kind, multiplies the 
above matrix by a non-singular matrix. Hence to compute the rank of (1.1.2), 
we may choose a convenient basis for #1(M). We shall use the basis given 
by I(7.5.1): 
zi dz 
w 


As before we assume for convenience that z has a double pole at P,, and 
vanishes at the point P,. Note then that 


(=) a p29-2j-2 p25, 
w 


In particular, dz/w does not vanish at P,;,,,j =1,...,g. Thus we want to 
compute the rank of 


Let) Wa, azit( Be) 
§ dz 1 z(P.) “++ g9~l(p 
Me | tae ee 
j=1 W : : 
1 2(P 2541) cal Ea oem, 
le, ae eli 
g dz le P e eZ 
= I] (Po yet) > 4 
JE W ; 
Ee TA eian 


The last matrix is, of course, the Vandermonde matrix which has already 
been encountered (in IV.11.10), and is non-singular. We have hence shown 
(III.11.11) that i(D) = 0, and that ọ establishes an isomorphism between a 
neighborhood of D in M, and its image in J(M). 
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VII.1.2. In VI.2.4, we have introduced the vector of Riemann constants 


4 T 
Ms a), poi dz — e ( | 
k=1 LJa, 2 


where we assumed that the base point for Tı(M) is chosen to agree with the 
base point of the map ọ : M > J(M)—which in our case was selected to be 
a Weierstrass, point P,. It is rather difficult to evaluate ¥ directly. We 
know (Theorem VI.3.6) that —2.% is the image in J(M) of the canonical 
divisor class. Since P?4~? is the divisor of an abelian differential of the first 
kind, the canonical class gets mapped into 0 by o. Thus # is a half-period. 
We want to know which half-period. We shall show that 


X=Y gPa) (1.2.1) 


Assume for the moment that we knew that 0(0) Æ 0, for the 6-function in- 
troduced in Chapter VI. In this case 0 © does not vanish identically on M 
(this is the fact we really need), and hence 8 © ọ has g zeros Q,,...,Q, on M. 
These zeros satisfy 


Me 


e(Q;))+ # =0. 


j=1 


(recall Theorem VI.2.4). 

We have seen that (P) is a half-period. Such a half-period can be written 
as å(Ie' + Ie), where [È] is an integer characteristic. Thus the half-periods 
can be classified as odd or even, depending on the parity of the characteristic. 
Up to a constant non-zero factor, 


(=) n ale (0). 
2 E 


We hence conclude that 0 vanishes at odd half-periods. We notice that 
ọ(P2j+1) J= 1, . . . , g, is an odd half-period. (We also, for the future, notice 
that g(P,,), 7=1,...,g +1, is an even half-period.) Thus ~(P2;+1) is a 
zero of the function 0 on M. Hence 


g 
2i P(Po;41) = =X =X. 
= 


Note that conversely, the identity (1.2.1) shows that 0 does not vanish 
identically on M. For if @ vanished identically on M, then (P3 P5- P2441) + 
A =0 and i(P3:::P,4;) >0 by Theorem VI.3.3. This contradicts the 
previously established fact that i(P;--:P,,,,)=0. These remarks also 
show that 0 vanishes at 0 if and only if 0 vanishes identically on M. The fact 
that an even theta function vanishes at 0 if and only if it vanishes identically 
on M is also a consequence of the Riemann vanishing theorem. 
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Remark. There is an additional property that the 2g + 1 half-periods (P), 
j=2,...,2g + 2 have. We have already mentioned the fact that p(P2;+,), 
j=1,...,g, is odd and g(P,,), j = 1,...,g + 1, is even. The origin g(P,), 
is, of course, also even. If we use the notation (€) = 4(/e’ + Ie) for half- 
periods, and label the half period g(P,), k =2,...,2g +2 by (&}), then 
the 2g + 1 half-periods (¢%}) have the property that for all k # l, e(k)- e'(l1) + 
e'(k) - e(l) = 1. Here e(k) = (e1(k), . . . ,e,(k)), e(k) = (e1(k), . . . ,€,(k)), and the 
operation ( ,:, ) is the usual inner product over Z,. 


VII.1.3. We need to establish that 0 does not vanish at the origin. We 
postpone this proof to VII.1.9, since it is more convenient to have some 
further computations at hand. Note that we never use anything other than 
the fact that X is a half-period. We do not anywhere use the exact form of 
HK (before VII.4). 


VII.1.4. It is, of course, true that 6(4%) = 0 by Theorem VI.3.1. The order 
of vanishing of 0 at X is determined by the Riemann vanishing theorem 
(VI.3.5). Write 


K=O(C)+ 4%, Ce M,-1. 


Clearly we can choose ¢ = P} +. The order of vanishing of @ at X is precisely 
i(¢). Since P, is a Weierstrass point, the orders of zeros at P, of abelian 
differentials of the first kind on M are (see III.7.3): 


Op 2 ea eye De 
Thus 


ee 4(g + 1) ifg is odd, 
i(P4 1) a e ) ; g i 
29, if g is even. 


(Using the greatest integer notation, we can write that the order of vanishing 
is always [3(g + 1)].) 
For De M,_,, r(D +) = i(D), and Clifford’s theorem (11.8.4) shows that 


i(D) < Bel 


We have established that for a hyperelliptic surface there are points at which 
the @-function vanishes to the maximum order possible. We have shown 
that such vanishing occurs at a point of order 2 in J(M). 

As a matter of fact, given any non-negative integer n < (g + 1)], there 
is a point e € J(M) such that e has order 2 and 0 vanishes at e to precisely 
order n. To see this, we have to construct for n > 0, divisors Ce M,_, with 
¢ containing only Weierstrass points and i(f) =n. Then the point e= 
p(C) + # will have the desired property (for n = 0, we, of course, need a 
divisor {e M, with i(¢)= 0). The calculation in VII.1.1 established the 
following fact: If D € M, and D consists of distinct Weierstrass points, then 
i(D) = 0. From this observation it follows that if (for 0 < r < g) De M,-_,and 
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D consists of distinct Weierstrass points, then i(D) = r. Let 


be a choice of g distinct integers as indicated. Then 
g 
2 oP) + # 
k=1 


is a point of order two in J(M) at which the 6-function does not vanish 
(choosing j, = 2k + 1, we obtain the previously used fact that 0(0) ¥ 0). 
Choosing g — 1 distinct integers as above (j; is now permitted to be 1), we 
see that 0 vanishes to order 1 at 


5 ORDEA 
k=1 
More generally, let r and s be non-negative integers such that 
2s+r=g-1. 
Choose s non-negative integers 
tah S Joe aa aR 
and r more non-negative integers 


Kae i ee eek E A 
such that 
Hense call en: 


Recall now (III.7.3) that every œw e #'(M) that vanishes at a Weierstrass 
point vanishes to even order, and conclude that 


WEAR Pee y= ib err, Pare.) Gg = fees = Semi 


JIR I2 s 


Thus we see that for D = P? P? +- P? P, +--+ P,, the order of vanishing of 


0 at p(D) + & is precisely s + 1. The possible values of s + 1 are, of course, 
ie oa a DAC pean eee 


VII.1.5. We now show how some of the results of III.8 can be restated in 
terms of vanishing properties of 6-functions. We will obtain this way, among 
other things, characterizations of hyperelliptic surfaces. 


Theorem. A Riemann surface M of genus 3 is hyperelliptic if and only if 0 
vanishes at a point of order 2 in J(M) to order 2. 


ProoF. If M is hyperelliptic, then the vector X of Riemann constants with 
respect to a Weierstrass point on M is a point of order 2 in J(M), and 6 
vanishes at # to order 2. Conversely, if 0 vanishes at a point e of order 2 in 
J(M) to order 2, then e = 9(Q,Q,) + X, i(Q,Q,) = 2 for some 0,0, € M, 
(by the Riemann vanishing theorem). Thus r(Q;'!Q;')=2 and M is 
hyperelliptic. [m 
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Note that we have proven somewhat more: 


Theorem. A surface M of genus 3 is hyperelliptic if and only if there is a 
point e e J(M) with @ vanishing to order 2 at e. 


VII.1.6. Definition. A singular point of the zero set of the 6-function is a 
point where (0 vanishes and) all the first partial derivatives vanish. We shall 
denote the singular set (that is, the set of singular points) by Oing- 

It is obvious from the Riemann vanishing theorem that 


Oing a Wit aij K, (1.6.1) 
and from Theorem III.11.19 that 
g—4 dm Of, SG 


with the upper bound attained if and only if the surface is hyperelliptic. 

Let us consider g = 4. In this case Osing # Ø (it is 0 or 1 dimensional). 
Note that Proposition III.8.6 implies immediately (without Theorem 
11.11.19) that W3 + Ø. Further Theorem III.8.7 can be reinterpreted as the 
following 


Theorem. Let M be a compact surface of genus 4. Then one and only one of 
the following holds: 


a. Osing is 1-dimensional, 

b. Osing Consists of precisely one point (a point of order 2 in J(M)), or 

c. Osing Consists of precisely two points (a # 0, a € J(M), and —a), neither one 
of which is of order 2. 


Each case corresponds to the case indexed by the same letter in Theorem 
III.8.7. 


ProoF. If M is hyperelliptic then Osing IS One-dimensional (and conversely). 
In fact, in this case, Osing is analytically equivalent to W, = ọ(M) and hence 
to M (EXERCISE). Thus case (a) is disjoint from the other two cases. 
Proposition III.8.6 showed that W} is non-empty. Assume a € W34+ X. 
Assume also be W} + X. The proof of Theorem III.8.7 showed that 
a+b=0 unless M is hyperelliptic (recall that the image of the canonical 
class in J(M) is —2 (Theorem VI.3.6)). Hence the only possibilities are 
a = b (and hence 2a = 0) or W} contains two points and b= —a # 0. In 
the latter case a cannot be of order 2. El 


Corollary. A necessary and sufficient condition for a surface M of genus 4 to 
be hyperelliptic is that 0 vanish at two distinct points of order 2 in J(M) to 
order 2. 


ProorF. If M is hyperelliptic, then the vector # with respect to each of the 
10 Weierstrass points is a point of order 2 at which 0 vanishes to order 
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(precisely) 2. (The reader should review the dependence of the vector of 
Riemann constants Hp, on the base point P), and become convinced that 
we obtain this way ten distinct points of order 2 in J(M).) On the other 
hand, the theorem implies that whenever 0 vanishes at two distinct points 
of order 2 to order 2, then the surface is hyperelliptic (the points of 
vanishing to order precisely 2 are the points of W4 + #). = 


VII.1.7. To generalize the above corollary, we translate Corollary 2 to 
Proposition IIL.8.8. 


Theorem. A necessary and sufficient condition for a surface M of even genus 
g = 4 to be hyperelliptic is that @ vanish at two points of order 2 in J(M) to 
order 4g. 


Proor. Necessity is established as before. For sufficiency, note that our con- 
dition assures the existence of two distinct points of order 2 a, b e W223! + 
X. Write 

a=@(A)+ &, A e ark 


b= 9(B)+%, Be M471, 


Thus A and B are inequivalent divisors, and a computation yields that 
c(A) = 1 = c(B). Hence, by the result we are translating, M is hyperelliptic 
unless A and B are complementary divisors. But in this case a + b = 
(AB) + 24 =0. Thus a= —b (here is the only place that we use the 
fact that a and b are of order 2), and hence a = b (which contradicts the 
hypothesis). E 


Remark. By Theorem III.8.11, the vanishing of the 6-function at a single 
point in J(M) to order 4g implies hyperellipticity except if g is 4 or 6. 


VII.1.8. The situation for odd genus is even simpler. 


Theorem. A necessary and sufficient condition for a surface M of odd genus 
g = 3 to be hyperelliptic is for O to vanish at a point of order 2 in J(M) to 
order 4(g + 1). 

PROOF. As before, necessity has been established and for sufficiency, we 
need even less. The vanishing property implies the existence of a divisor 
DeéeM,_, with r(D +) = 4(g + 1). Thus by Clifford’s theorem (III.8.4), M is 
hyperelliptic. = 


Remark. Again, for sufficiency, we did not need to know that the points at 
which the 0-function vanished were of order 2. Except for genus 4 or 6, 
vanishing of the 6-function at any point (to the right order) implies hyper- 
ellipticity. 


VII.1.9. In this section we complete the proof of (1.2.1). Recall that in VII.1.2 
we showed that it suffices to prove that 0(0,/7) # 0. 
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We begin by ee the following set of divisors: P{~*, the 2g + 1 
divisors P{~?P,, k = 2,..., 2g + 2; and the (797 *) divisors P47 3P, _P;, such 
tharian =, and. 1, ee 1. We continue in this fashion ending with the 
(777') divisors P; <+- Pi, with i, 4 1, and all indices distinct. Finally we 

add the (79;'*) divisors P, -+ - P; with the same assumptions on the indices. 

The first observation to be made is that our set consists of 279 linearly 
inequivalent divisors. The fact that the divisors are inequivalent follows 
immediately from Abel’s theorem and the Riemann-Roch theorem. The 
point peng, that we would be led to an equivalence of the form P; =: Pp ~ 
PUP;,:°° P;, with r<g, which is impossible since i(P;, --- Ag =g—Tr. 
us the number of divisors we have formed, we have f-o 

. 229+ 1 — 229 

If we now consider D to be one of the divisors in our set, then o(D) + # 
is a zero of the theta function of order i(D). Since we know ọ(D) + # is a 
point of order two, and we have here constructed all the points of order 
two, we have catalogued the exact order of vanishing at each point of 
order 2. (For pens if g is odd, the arguments of VII.1.4 yield i(P%~*) = 
OTD P nt) (Ne ER ty tant oes speak cas 
i(P,,--- P,,) = 0.) 

The above argument has established that the 0-function does not vanish 
at the (747 ") half-periods 


p(B, B, P) +A, (1.9.1) 


Ji J2 


where 1 <j, <j, < ~ <j, =2g +2. Each of these half-periods must be 
an even half-period (because 0 vanishes at all odd half-periods). The rest of 
the proof involves showing that if 0(0,J7) = 0, then we can construct an 
odd-half period of the form (1.9.1) and contradict the non-vanishing of the 
0-function of this point. (Recall @ vanishes at 0 if and only if 0 - @ vanishes 
identically on M.) 

Since # is a half-period, X can be written as 


KH = O(P,, Pa: Pi), 


with O <r < g, and 1 <i, <i, <` <i, < 2g + 2. Assume first that g =r, 
then writing 
(P,P, P) + H =0, 
and recalling that 
UP Pp Ps yO, 


we conclude from Theorem VI.3.3, that 6° @ #0 on M, and hence also 
that 0(0,/7) 4 0. We finish by showing that if r < g, then it is impossible for 
(1.9.1) to be an even half-period for all choices of the indices. We show how 


to construct the set { j;,j2,...,j}- First it should contain the set {i,,i,,.. . ,i,} 
and we must add a set of g — r numbers in = 3,...,2g + 2} that are not in 
{i pte aol). Assume this setis ky ,ae ke ook Then 


o(P ji B phe =O ert ae p)! 
Recall that the set {@(P,), . . . ,p(P2,+2)} contains exactly g odd half-periods 
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and g + 1 even half periods. Thus in the set 
23 ce ,2g T AN tisias Eeo, i l 


rj 


there are at least g — r indices corresponding to odd half-periods, and at 
leastg—r +1 corresponding to even half-periods. We choose s odd points 
and t = g — r — s even points. What is the parity of this divisor? Using the 
remark at the end of VII.1.2, we see that this divisor has the same parity as 


sE Nk s40- 


Thus if 3(g —r)(g—r— 1) is even, we choose s to be odd, and if>(g—r)(g—r—1) 
is odd we choose s to be even. We have enough room in our set to accomplish 
this. 


VII.1.10. We assume that M is a compact Riemann surface of genus g > 0. 
Note that we are not requiring that the surface be hyperelliptic. In Chapter 
VI we have briefly discussed the multivalued function (on the Riemann 
surface M) W: P O(a@p,(P) — e) (recall that « is an arbitrary non-zero 
integer and e an arbitrary point in the Jacobian variety of M) and have 
observed that for « > g this function does not vanish identically for any 
choice of base point P) and that there are deg zeros P, -.., Po, Ot e 
function on the surface which satisfy the relation 


ae = Pr (Pi Pag) + 0° Xp, 


In what follows we shall give some applications of this result to Weierstrass 
points on Riemann surfaces. 


Theorem. Every zero Q of the function 
P O(gpp (P) + Xp), 


(we are taking « = g and e = — Xp) Q # Po is a Weierstrass point on M and 
conversely every Weierstrass point on M is a zero of this function. 


PROOF. Assume Q # P, is a zero of the function. It then follows from the 
theory of Chapter VI that 


9 p,(Q) ar Kp, = Pp, (Ry eR.) re Kp; 
so that 
Pp, (0°) = Pp (Ry ARS Pp, (PoR: ER: 


By Abel’s theorem we therefore have the existence of a non-constant mero- 
morphic function on M in L(1/Q%); which implies that Q is a Weierstrass 
point. 

Conversely, assume that Q # P, is a Weierstrass point on M. Then 
r(1/Q%) > 2 and therefore there exists an integral divisor R4- R, which we 
may assume contains Pp in its support which is equivalent to Q%. It therefore 
follows that g@p,(Q) + Xp, = @p,(Ri°**R,-1) + Xp, and thus Q is a zero of 
y. We note that P, is always a zero of this function. 
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VIL1.11. The number of zeros of the function w (of the previous paragraph) 
is g? and these zeros P,,..., P,s satisfy 


Pr, (Pi: Pys) = (g(g + 1)/2)(—24>,). 


We have already mentioned in the proof of the previous theorem that Pp is 
always a zero of the function in question. It is important for us to observe 
that the order of vanishing of y at P, is at least g. 

The simplest way of seeing this is to consider the following equalities 
(valid for arbitrary P e M; of course, P) may also be viewed as an arbitrary 
point on our surface): 


O(g@p,(P) aR Kp) = O(@p,(P) + Hp) = 0(—@p(Po) + Hp) = O(@p(Po) — Xp). 


In the above we now think of P as being fixed and P, as the variable point. 
Furthermore choose P as a non-Weierstrass point. Then P) —> 0(@p(Po) — Xp) 
has a zero of order g at P) = P. If P is a Weierstrass point then the func- 
tion vanishes identically on the surface. It is thus clear that the order of 
vanishing of y at P = P, is always at least g. 

It thus makes sense to write our relation on the zeros of this function y 
in the form 

Pp,(PSP,°* Pys—g) = (g(g + 1)/2)(—2Hp,) 


or more suggestively 


Pr (P1 `: Pgs—g) = (9(g + 1)/2)(—2-4p,). 


Corollary. The points P,, ..., Pj3-, are zeros of a holomorphic g(g + 1)/2- 
differential on M and Weierstrass points of M. 


If we now recall the definition of Weierstrass points given in Chapter III, 
we conclude that the holomorphic g(g + 1)/2-differential referred to above 
is the Wronskian W of any basis for the holomorphic differentials on M. It 
is reasonable to suspect (and in fact is true) that the divisor of the 
Wronskian, (W), equals the divisor of y. We have here only proved that the 
supports of the two divisors agree. We have not shown that the orders of 
vanishing of the two “functions” agree at all points on the surface. On the 
“generic” surface all the Weierstrass points are simple and hence the orders 
in question agree everywhere. The transition from this case to the general 
case should be possible using the theory of moduli of Riemann surfaces 
(variation of complex structure on a topological model of the surface). This 
theory is beyond the scope of this book and the problem under discussion, 
in a wider context, presents some interesting challenges. 


EXERCISE 


For hyperelliptic M 
(W) = (Pi P tae 


where P;,..., P),, are the Weierstrass points on the surface. Compute (y). 
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VII.2. Relations Among Quadratic Differentials 


VII.2.1. We shall be working with a compact Riemann surface M of 
genus g > 3, and using standard notation involving divisors, the Jacobian 
variety, the 6-function, etc. 

We have seen, in III.3.7, that there is a connection between relations 
among quadratic differentials and integral divisors of degree g — 1 with 
index of specialty >2. These points in M,-, are related via the map ọ to 
the points in W}_, c J(M). This last set is connected to Osage DY (L.6:1). 
Our first result elaborates on this connection by strengthening a remark in 
VEST. 


Proposition. Let e € J(M). Then 
P ++ Olo(P) + e) (2.1.1) 


vanishes identically on M for every choice of base point Po for the map 
y:M > J(M) if and only if ee O 


PRooF. The fact is that e e O.ing IS equivalent by (1.6.1) to the existence of 
points P,,..., P,-, € M such that 


sing’ 


e=@(P,::°P,-:)+ #4 and Pe a SA 


Hence by Theorem VI.3.2, it is equivalent to 0(W, — W, + e) = 0. This 
is precisely the statement of our proposition. m 


VII.2.2. The above proposition has some interesting consequences. For 
any e€ J(M), (2.1.1) defines (locally) a holomorphic function on M; in 
particular, it is a function defined in a neighborhood of the base point Po. 
Let z be a local coordinate on M vanishing at P,. The power series expan- 
sion of (2.1.1) is then (we are using the function defined by +e, and evaluating 
0 and its partials at e) 


a. OU. 
A(p(P) + e) = Oe) + ( X OE 
j= 1 Cu; 
EOD. g 070 z? 
fw rr PRAA oe P Y P a, 
+ pa u; (e)C}(Po) slg a ðu, Din, (PoC, ») 7 
00 070 
a yi yr P pa P 
25 (3 ðu, (e)C;(Po) + 3 2 ôu, eN oSx(Po) 
0°60 z> 
oe NENS e PEEP A 
a Fe, du, du, du, C (Po la(Po)di D) 31 ar ( ) 


(Note that in the above expression, we have identified the normalized 
differential ¢; with the holomorphic functions f of z such that C; = f(z)dz 
near Po.) 
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The above expression becomes interesting precisely when e € Osing OF 
—e € Osing: In this case, by Proposition VII.2.1, the coefficient of z” must 
vanish for each n > 0, and each base point. It then follows that 0( +e) = 0 = 
(60/du,)(+e), j= 1,..., g. This information is not new. It is a consequence 
of the Riemann vanishing theorem (VI.3.5). A new result is contained in 


Proposition. For e € Osing, we have 


g A20 
“(+e £1 = 0, C22) 
jk- 1 OU; OU, 
and 
g 070 aA 
ae a a= (22:3) 
jkT- 1 OU; OU, ÔU, 


Proor. Equation (2.2.2) follows from (2.2.1)and the previous observation 
that the first partials of 0 vanish. The vanishing of the coefficient of z? in 
(2.2.1) yields 


vic C0401 = 0, 2.2.4 
& Du Ua + EE ôu, A C jek ( ) 


ô 
DE 


If we subtract (2.2.5) from (2.2.4)and use the fact that 0 is an even func- 
tion, then we obtain (2.2.3) O 


; 070 


9 viv 
uA jok + ` 


jx Ou; Ou, Ou, 


— e)l CnC, = 0. (2.2.5) 


Remark. There are instances when the above proposition is of little value. 
For example, if e € Osing and all the second partials of @ at e vanish (e € 
W2_, + X), then (2.2.2)yields no information. It could also happen that all 
the second order partial derivatives do not vanish at e, but all the third 
order partial derivatives do vanish. This takes place when e € @,,,, is an 
even point of order 2. Why? (EXERCISE.) 


VII.2.3. We return now to case (c) of Theorem VII.1.6, and consider a surface 
M of genus 4 where @,,,, consists of precisely two points e and —e (with e 
not a point of order 2 in J(M)). The surface M is not hyperelliptic in this 
case. We have seen, in III.10, that the abelian differentials of the first kind 
on M provide an embedding, M > P?, of the surface into projective space. 
Proposition VII.2.2 tells us that the image of M in P? is contained in the 
intersection of the quadric and cubic defined by (2.2.2)and(2.2.3). Note that 
(2.2.2)is not the trivial relation because the highest order of vanishing the 
0-function for a surface of genus 4 is 2. It should be observed that the 
coefficients of the curve (given in this way) in P? depend only on Oing 
which in turn depends only on the period matrix I of M. Hence the curve 
in projective space or equivalently the Riemann surface M can be recovered 
from the period matrix I, whenever (2.2.2) and (2.2.3) are independent 
equations. 
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Remark. (For those familiar with elementary properties of curves.) The 
intersection of the quadric (2.2.2) and the cubic (2.2.3) certainly contains a 
curve of degree 2 - 3 = 6. The degree of the curve M in P? is2:4-—2=6. 
It is important to observe that while, as stated, the quadric in the above case 
is non-trivial, we have not really shown that the cubic is non-trivial or that 
the quadric is not contained in the cubic. In these situations the curve is not 
recoverable by the above procedure. 


EXERCISE 


How much of the above carries over to cases (a) and (b) of Theorem VII.1.6? 


VII.2.4, It is not our intention to develop here the theory of moduli of 
compact Riemann surfaces of genus g > 2. However, there is one interesting 
observation that can be made now. We know that the dimension of #7(M), 
the space of holomorphic quadratic differentials on M, is 3g — 3. We also 
know that ¢;¢, € #?(M), j, k=1,...,g. Hence, if the products of the 
holomorphic abelian differentials span #°(M) (if and only if M is not 
hyperelliptic, by Noether’s theorem (III.11.20)), there must be exactly 
3(g — 3)(g — 2) relations among the products. When g = 4, this is precisely 
the relation(2.2.2). For hyperelliptic surfaces there are more relations. For 
hyperelliptic surfaces of genus 4, there are 10 — 7 = 3 linearly independent 
relations. 

We shall now exhibit two possible ways of obtaining these additional 
relations. 

One way is quite obvious. Since for hyperelliptic surfaces of genus 4, 
Osing İS 1-dimensional, it seems reasonable to expect that one can find three 
points e; € Osing Such that 

6-8 
2 ao (e)C.¢, = 9, j= 1, 2,3, 
are linearly independent. We however, do not know how to effectively prove 
such independence. 

Another possible way is to use more essentially the fact that Osing is 
1-dimensional. Let Py be the base point of g:M — J(M), and let J: M > M 
be the hyperelliptic involution (there should be no confusion with the same 
letter appearing with two meanings). For Pe M, let P’ = J(P). Choose 
P, € M and set 

eo = P(P, Pi Po) + H E Ojing: 


(Note that since every œ e #'(M) that vanishes at P e M also vanishes at 
P’; i(PP’Q) = i(PQ) > 2.) The embedding of M into Oing < J(M) is now 
given by 

M ə Pœ ọ(P, Pi P) + X = e E Oing- (2.4.1) 
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Let z be a local coordinate vanishing at Py). Equation (2.4.1) defines 
e(z) as a holomorphic function of z. By Proposition VII.2.2, 


= 2 


-0 
jis TTY e = (2.4.2) 


jk=1 


for all z in a neighborhood of 0. We now expand (0°0/ôu;ôu,)(e(z)) as a 
power series in z, and obtain 


070 670 4 030 
2) =o sa (eo)bi(Po) )z 


l=1 


ao Lia » a E | 
+È nouam E) + 2 u on durou, EE NaPO 7 
FEEN (2.4.3) 
Inserting (2.4.3) into (2.4.2), we obtain 
a a20 
EEN) O EO. 
P3 ôu, Õu, (eo) jkk 


030 
piles WES Pa) \C.C, = 0, 
D ( sea dus CMP) Ek: 
and 


a (P ae leo KPK aE | Cle = 0 
2 d Su duu C% o) + Su Fu dubu, Om! oom Po C ion = 


It seems reasonable to expect that one should be able to extract three 
linearly independent relations from the huge list obtained above (as one 
varies the base point Po). The problem of specifying three such relations is 
apparently still open. 


EXERCISE 


Is the map M > @,,,,, that we have constructed, surjective? 


VII.2.5. We shall discuss briefly in this paragraph a question intimately 
related to the question of relations among the products of the normalized 
abelian differentials of the first kind. Let TTo € S4 be a period matrix of a 
compact Riemann surface of genus 4. (Recall that &, is the Siegel upper 
half space of genus 4 introduced in VI.1.1.) Theorem VII.1.6 guarantees 
that Osing is non-empty. Assume we are, again, in case (c). By the remark 
following III.8.7, the rank of the associated relation(2.2.2)among the abelian 
differentials must be 4. Choose a (small) neighborhood N of Io € S4. What 
is a necessary condition for IIe N to be a period matrix of a compact 
surface of genus 4? Clearly, the @-function for IT must have the property 
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that Osing # Ø. We proceed to write down an equation in S, that expresses 
this condition. Consider the system of equations on C* x Sa 
00 
OZ, 


(2.7), = 0. Dee 2A, (2-51) 


The hypothesis that IT, is a period matrix tells us that (z°,IT) solves (2.5.1), 
whenever z° e O.ing for Mo. The condition that (2.2.2) have rank four, tells 
us that the Jacobian matrix of the system (2.5.1) with respect to the z-variables 
has rank 4, and thus the implicit function theorem asserts that we can solve 
for z = '(21,22,23,24) as holomorphic functions of t in a neighborhood of 
(z°,J7,) and that 

00 


OZ, 


(ZG tie OS TOP inl 3.44 ae Ne 


A necessary analytic condition for t to be a period matrix of a compact 
surface is now easily written down: 


FAT) = O20) 4) =). tEN. 
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We shall study in this section three sheeted covers of the sphere. The cal- 
culations will be considerably more involved than in the hyperelliptic case. 
Other special cases will also be described. 


VII.3.1. In Chapter V, we began the study of automorphisms of (compact) 
Riemann surfaces. At the end of V.1.6, we gave some examples to show that 
the results of V.1.5 were sharp. We now return to a variation of the second 
of those examples. 

Consider the Riemann surface M: 


We ="2(7 —"1)(z — 4,) > a (z = A3,-3), Kets (3.1.1) 


Here /,,...,43,-3 are 3k — 3 distinct points in C\{0,1}. We view z as a 
meromorphic function on M of degree 3 (w is of degree 3k — 1). It is branched 
over 0, 1, œ, A4, - - - , 43,—3 with branch number 2. For convenience we label: 


Q: =z *(0), Q, =z *(1), Q,=2z *(0), 
ee (ke Vibe ae 3k — 3, 
and note that the divisor of the function z is 
Q3 
The Riemann-Hurwitz formula yields that the genus g of M is 3k — 2 (> 4). 
Our first task is to compute a basis for #'(M)—compare III.7.5. Observe 


(z) 
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that 
= QO; Pia Pay ee 
05 i 


Q,Q>P, URE ee 
w) = : 


(w) TE 
3 


(dz) 


and 


From the above two observations it is easy to conclude that 


pet Vo eet, 
0 
and 
dz 
z' —, t=O) oe ere 


form a basis for #'(M); as a matter of fact 


aa 


(es) =O OE DID Paes 
Ww 
and 


(2 A A 0702; 


We shall consider the special case k = 2 (hence, g = 4). Thus the basis for 
X*(M) is: 
dz dz dz dz 
’ D > Z 2 5 z 2. . (3.122) 


Ww Ww Ww Ww 


The above basis is adapted (recall III.5.8) to the point Q,. As a matter 
of fact, the Weierstrass “gap” sequence at Q, is: 


ees! (3.1.3) 


Note that the above is also the “gap” sequence at Q,, Q; and P,, j = 1, 2, 3. 
Thus each of these 6 points is a Weierstrass point of weight 4. We have 
thus accounted for 24 of the 60 Weierstrass points (here we are counting 
each Weierstrass point according to its multiplicity). The remaining 36 
Weierstrass points will occur in groups of three. Each such group of three 
will project to the same point in C U {œ} by the map z. This follows from 
the fact that M has an automorphism of period three that interchanges the 
sheets of the cover. 


VII.3.2. We continue with the case k = 2 in (3.1.1). Since M is of genus 4, 
by Theorem VII.1.6, M is either hyperelliptic (impossible, because M 
carries a function of degree 3, by Proposition II.7.10) or Oing CONSists 
of one point of order 2 or Osing Consists of precisely two points (neither 
one of order 2). Since Q§ is the divisor of the abelian differential z2 (dz/w?), 
the vector # of Riemann constants with respect to the base point Q,, is 
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a point of order 2 of J(M) by Theorem VI.3.6. Further, since 
X = 9(Qi) + X, 


X is a zero of the theta function. Also, looking at the “gap” sequence (3.1.3), 
we see that 

(Qi) = 2, 
which shows that % € @,,,,. We have shown that O.ing Consists of the single 


point #. It must be the case that there is a relation of rank 3 among the 
products of the abelian differentials of the first kind. The relation is easily 


exhibited: 
dz \? , az \ dz 
(- z) = (z =) (4). (3.2.1) 


Of course, alternatively, (3.2.1) can be used to conclude that O 
precisely one point. However, the conclusion (we obtained) 


Orn F {A}, 


consists of 


sing 


required a little more analysis. 


VII.3.3. We return to the general case (3.1.1) with k > 2. Using the basis 
we constructed for #'(M), we see that the Weierstrass “gap” sequence at 
Q, (hence also at Q2, Q3, P; j =1,..., 3k — 3) is: 


PAM Onn ie 3) 12 Ogee ke 


In particular, every function f, holomorphic on M\{Q,}, with deg f < 3k — 4 
must satisfy 
deg f = 0 (mod 3). 
An easy calculation shows that the weight of each of these 3k Weierstrass 
points is 
2k=2 k-2 Ska 
PLA Clara Meas DE cue) Doga (3k — 2)(k — 1). 
l=0 
We have accounted for 3k(3k — 2)(k — 1) of the (3k — 3)(3k — 2)(3k — 1) 
Weierstrass points on M. The vector of Riemann constants X with respect 
to Q, is again a point of order 2 in J(M), since Q°*~° is a canonical divisor. 
The point ¥ € 0,;,,, because i(Q}*"*) = k = 3(g + 2). 
Finally, we leave it to the reader to explore the question of (linearly inde- 
pendent) relations among the abelian differentials of the first kind. For 
example, if k = 3, and if we label 


dz Z naz 
PETES MT A 23 Pate (ea 
Ndz az dz on Z 
O aiL TTS PS Z oe Pater © ORRE T 


then we can write down the following maximal set of linearly independent 
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relations 


oZ = Ọ103, o3 = PiQDs, P2P3 = P194, P2P4 = P195, 
4 = 30s: P205 = P3P4 P17 = P206 P207 P36, 
P3P7 = P406; P4P7 = P5P6- 


VII.3.4. The Riemann surface M of (3.1.1) is an example of a surface 
with an automorphism T (of period 3, in our case) such that M/<T) = 
C ù {co}. We have seen that for these surfaces, O,;,, contains a point of 
order 2. It may seem at first glance that the existence of points of order 2 
in Osing IS caused by the presence of the automorphism. This conclusion is, 
in general, false. Consider, for example, the surface M defined by 


we = 2(z— Iz — A,)"(z— Anz — 43), 


where 4; j= 1, 2, 3, are three distinct points in C\{0,1}. The surface M 
has again an automorphism T of order 3 such that M/<T) is conformaly 
equivalent to C U {co}. Note that M (again) has genus 4. Using notation 
as in VII.3.1, we conclude that 
3 
(z) = 2i, 
3 
OPA A 
ee 


(dz) = QIQIPIPLPS 
03 


(w) 


and 


A basis for #/1(M) is thus 


dz dz dz A dz 

Re ae (z — A,)(z — A2)(z = As) 2(z — A,)\(z — A2)(z — Aa) T 
From the above we see that the possible orders of zeros of abelian differentials 
of the first kind at Q, are: 

0, 1,354, 


and thus the “gap” sequence at Q, is: 
2455 


In particular, there is no differential in H'(M) all of whose zeros are at 
Qı. Now, the point #% belongs to O.ing (because i(Q?) = 2), and if Oi 
contained a point of order 2, X would have to be that point. Hence 
24 = 0. By Theorem VI.3.6, we would also have o(Q°) =0 = —2¥ or 
that Q? is canonical. We have seen that this does not occur in our example. 


VII.3.5. There is, however, one case where the presence of an auto- 
morphism T produces points of order 2 in Osing: the case when T has period 2. 


VIL3. Examples of Non-hyperelliptic Surfaces 341 


Suppose now that M is a surface of genus g > 2, and Te Aut M has period 2 
and v(T) fixed points. The genus ĝ of M/<T) is computed (recall V.1.9) by 


v= wT) = 2g +2- 4g 


(and M is called g-hyperelliptic). 


To show that Oing contains a point of order two, it suffices to find an 
w € #'(M) with even order zeros 


(G3) =P? Rene Ps oh 
such that 


PoP 2) 2, 


g 


For then e = (P, P,_-1) + X E Ojing and 2e = o((w)) + 2H = 0. 

If g = 0, then M is hyperelliptic. Then for g > 3, there is a point of order 2 
in Osing and the order of vanishing of the 0-function at this point is 4(g + 1). 
Hence we now assume g > 0. 


VII.3.6. Let us generalize by considering an automorphism T of pume 
order N with M/<T> of positive genus. Consider the action of T on #1(M). 
Since MKT» has positive genus g, 1 is an eigenvalue. Since M has bigger 
genus than M = M/<T), there is another eiponvale (6: = lel nother 
words, there are holomorphic differentials œ, œ; € #'(M) such that 


IR = O T@, = Ew w #0. 


The differential w projects to M; while w, projects to a multivalued differ- 
ential on M. The function f =@,/@ on M projects to an N-valued function 
on M. 

To describe the structure of the divisors (œw) and (@,), we let P,,..., P, 
be the fixed points of T (v = v(T) could be zero). Calculations similar to 
the ones performed in V.2 show that 


ordp,@ = Nr;+ N —1, Tee Lath). 


Hence we can write 


(Ole Pe AAD ea A a) (3.6.1) 
where A is an integral divisor on M and A“ = T*(A). Note that 4 could 
contain some of the points P, j= 1,..., v. 

Similarly, 
ordp, @, N fs = ik, pe gah E 1 LS N — Lr, 0 


Thus, as before, we can write 
o= EP A XORT (3.6.2) 


From (3.6.1) and (3.6.2) we can compute the divisor of the meromorphic 
function f = w,/@ on M, and the projected function fonM: 


(f) = piniN-1... pë- 1! A (3.6.3) 
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In (3.6.3) we have made an obvious identification of points on M with their 
images in M. Note that ( f) contains fractional powers because locally f is 
given by a Puiseaux (not Taylor) series. A 
The fractional divisors on M can be mapped (locally) into J(M). Since fe 
is single valued on M, the image of the divisor of f in J(M) is a point of 
order N. 
In order to study the converse, we begin by remarking that 


v(T) 2) 
R= 1-— 

p ( N 
is an integer (EXERCISE) that satisfies 


v(T) Ni 
kek Re 
ain Ty 


WT). (3.6.4) 


Every multivalued function on M whose divisor has the same fractional 
exponent at P; as in (3.6.3) and that has the same image in J(M) as (f), 
lifts to a meromorphic function on M. 

Consider the divisor D on M 

DE Pyg eee PN- AN, 


We now pose the following problem: Does there exist an integral divisor 
X on M such that 


e HF 
deg X =g-—1+]-~ = 
eexag-1+[5¥ (1-4) 


(where, as usual, [a] denotes the greatest integer in a), 
o(X°™) = (D), (3.6.5) 
and 
pO RARE TE Uy (3.6.6) 


equals the point of order N in J(M) determined by the divisor of the 
function f? 

The theory of the Jacobi inversion problem asserts that we can always 
solve the above problem, and in fact do so with Laie t;/N)] — 1 
free points. The condition that we shall need is 


v t 
R= 1-—)>2, 
lea 


J 


which occurs by (3.6.4) whenever 


PCL ee 2 N;, 


Furthermore, there are (2N)*9 different solutions to (3.6.5) corresponding 
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to the (2N)*4 points of order 2N in J(M). Only 274 of these solutions will 
satisfy (3.6.6). 


There are now two cases to consider: 


R is an even integer (> 2), (3.6.7) 
and 
R is an odd integer (> 3). (3.6.8) 
In case (3.6.7), 
X2N 
pris » ++ PN-ty AN 


is the divisor of a meromorphic function on M whose Nth-root lifts to a 
meromorphic function on M with divisor 
KAONE eta (XN 1) 
jee Pals PNTA AAN 


Thus we conclude that (multiply the above function by œ) 
Z= jaa Tes PE xX) AiD (X On (3.6.9) 


is a canonical divisor on M. 
In case (3.6.8) we choose P, e M as the base point of the map 9: M > J(M). 
We conclude that 
PAXON 
Piet oe PX CAN 


is the divisor of a meromorphic function on M whose N-th root lifts to a 
a meromorphic function on M with divisor 
PIXXX?) eho. WARNS 1) 
Pi Sok PN-' 4A) EAA D 


In this case we conclude that 
a A CS OA e a À 


is a canonical divisor on M. 

The sole purpose of the above series of exercises was to produce a 
holomorphic differential on M (with enough free points) all of whose zeros 
are of even order. We have succeeded in this whenever N = 2 (because 
t;=1forj=1,..., v(7)). In this case 


ja 


and thus X has precisely 
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free points. We conclude from (3.6.9) that 


IP 
iZ) > Fal 


with a similar result for (3.6.10). 
We have established the following 


Theorem. Let M be a g-hyperelliptic surface of genus g > 29 + 3. Then Oin 
contains 2°? points of order 2 with the order of vanishing of the 0-function 
at these points greater than or equal to [3(2g + 2 — 4g)]. 


Remark. The above analysis for N = 2 and v = 0 does not give points of 
order two in Osing: A slightly different and in some sense simpler analysis, 
however, does. 
VII.3.7. The Riemann surface M of 

w79t! — 2(z — 1) 


affords another interesting example of a surface of genus g. It is an immediate 
consequence of the fact that w is a function of degree 2, that M is hyperelliptic. 
There is an obvious involution on M: 


(z,w)++(1 — z,w). 
This is the hyperelliptic involution since it fixes the 2g + 1 points lying 
over z = 4 and the point z~ (co). 
VII.3.8. The Riemann surface M of 
Wam 


is of genus 3 which obviously has two cyclic groups of order 4 operating 
on it; the groups generated by 


(z,w)— (z,iw), (z,w)  (iz,w). 
Using obvious notational conventions, we record the following facts: 


_ 2102030, 
05040205" 

sega 

~ 05060706 


bere 
05060705 


(z) 


(w) 


and 


(dz) 
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From the above we see that 


dz d 


P H-) 33 


dz 


Ww 


= 
= 


form a basis for #'(M). Note that 


dz 
(z ) = @,Q2030, = z~ *(0). 


w? 
More generally for any c e C U {co}, z~ +(e) is a canonical divisor. It follows 
from these observations that the “gap” sequence at any P; (j = 1,2,3,4) is 
Lay 3: 


(Note that the P; are defined by z(P,)* = 1.) Thus each P, is a Weierstrass 

point of weight 2. We have accounted for 8 of the 24 Weierstrass points. 

Similarly, the points Q; (j = 1,2,3,4) are Weierstrass points of weight 2, since 
dw dw dw 


Se re 
~ ka ha 


is also a basis of #'(M). Finally, the points Q; (j = 5,6,7,8) are also 
Weierstrass points of weight 2, since 


e a 
(Z,w)r>| —, — 
ww 


is an automorphism (of period 2) of the surface M that interchanges the 
zeros and poles of w. We have thus accounted for all the Weierstrass points 
on M. It is a surface of genus 3 with 12 distinct Weierstrass points each 
of weight 2. 


VII.3.9. The next to last example of this section is the most complicated 
one. It will be used to show that the upper bound on the number of (distinct) 
Weierstrass points g? — g on a surface of genus g (Theorem III.5.11) is 
attained. Our example will be for g = 3. Consider the Riemann surface M 


of the algebraic curve 
w = z(z — 1)’. (3.9.1) 


On the surface, the function z is of degree 7 (and w is of degree 3). The function 
z is ramified over 0, 1, œ (with ramification number 7). A calculation using 
Riemann-Hurwitz now shows that M has genus 3. In our usual short hand: 
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and 
(wy = Pas 
w) = , 
Qì 
From the above formulas we see that the differentials 
dz dz dz 
We (z= Doa (z— DYE (3.9.2) 


have (respectively) divisors 
PQ, P P3, P,Q}. 


It is immediate from this calculation that we have again produced a basis 
for #'(M) and that P,, P,, Q, are all simple (= weight one) Weierstrass 
points. 

We claim that all the Weierstrass points are simple (hence we must have 
24 distinct Weierstrass points). We will compute the Wronskian of our basis 
of #'(M). Since we are no longer interested in points lying over 0, 1, o% 
(via z), the function z is a good local coordinate at such points. Using the 
notation of III.5.8, we are computing 


LS 2a ez) 1 A 
det] z, A Da [esis dewe- Dz- 1 


a ara (z? — 82? + 5z + 1) 
Zac 1) ne y z i 

(The computation is long and tedious, but routine.) Denoting the cubic 

polynomial by p(z) we see that 


p= T PO N (8) = 41, 


and hence p has three distinct real roots (in the open intervals (— 1,0), (0,1) 
and (1,8)). Each zero of the Wronskian corresponds to 7 distinct points on 
M. Thus we have produced a surface of genus 3 with 24 distinct (simple) 
Weierstrass points. 


VII.3.10. The Riemann surface of (3.9.1) actually has 168 = 84(3 — 1) 
automorphisms, which shows that the maximum number (of Hurwitz’s 
theorem, V.1.3) is achieved. It is easy to exhibit an automorphism of period 7: 


ani 
(z,w) > (z,ew), Er exp") 


To exhibit other automorphisms of M we must use some algebraic geometry. 
The abelian differentials of the first kind provide an embedding of M into 
P? (111.10). Thus setting 


we —-XY) fe Let Xa Y 
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we see from (3.9.1) or (3.9.2) that a projective equation for our curve is 
XAY AY! Z ZX = 0. 


Hence we see that we have another automorphism of M (of order 3) given 
by the permutation 


(X,Y,Z) + (Y,Z,X). 


We will not proceed with the above line of thought. (The interested reader 
should consult the work of A. Kuribayashi and K. Komiya for the complete 
classification of automorphism groups and Weierstrass points for surfaces 
of genus 3.) 

If we are willing to use the fact that M has 168 automorphisms, we can 
conclude without calculation that each Weierstrass point is simple. We have 
seen in the proof of Hurwitz’s theorem, that the maximum number of 
automorphisms occur only if M/Aut M = C U {oo} and the canonical 
projection 

n:M > C u {0} 


is branched over three points with ramification numbers 2, 3, 7. Thus these 
are the only possible orders of the stability subgroups of points. We conclude 
that each orbit under Aut M must contain at least +8 = 24 points. In 
particular, the Weierstrass points must be the fixed points of the elements 


of order 7, and there must be 24 such points. Hence they must all be simple. 


VII.3.11. For our last example we consider the Riemann surface of 

w =z =z 
which is a hyperelliptic surface of genus 2. In addition to the hyperelliptic 
involution this surface permits an automorphism of period 5 


; 2ni 
(z,w) > (ez,e2w) with € = exp("} 
Let us denote this automorphism by T and observe that the automorphism 
JT with J the hyperelliptic involution is of order 10. The automorphism 
JT is given by 
(z,w) + (ez, —e€°w), 


so that the only possible fixed points of JT are P, = z- 1(0) or Q,, Q> the 
two points lying over 00. Since T is of prime order 5, the Riemann-Hurwitz 
formula gives 2 = 5(2g — 2) + 4v(T), with v(T) as usual the number of fixed 
points of T. The only way this can be satisfied is with g = 0 and v(T) = 3. 
Hence T fixes P;, Q,, and Q). It is therefore obvious that JT fixes P,, but 
cannot fix either Q, or Q,, because JTQ,; = JQ; = Q2 and JTỌQ, = 
JQ, = Q. 


The reader should now recall Theorem V.2.11. 
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VII.4. Branch Points of Hyperelliptic Surfaces 
as Holomorphic Functions of the Periods 


In IV.7, we solved two elementary moduli problems. In this section we will 
describe one way of obtaining moduli for hyperelliptic surfaces: another 
elementary case. 


VII.4.1. We return once again to the concrete representation of a hyper- 
elliptic surface M of genus g > 2. We will now assume that our function z 
of degree two is branched over 0, 1, and œ, and hence represent M by 


2g 1 
wå = 2(z—1) [] (z—A,), (4.1.1) 
al 
where 2,,..., 23-1 are distinct points in C\{0,1}. We are using a slight 


variation of (1.0.1). To fix notation, we set 
Py =z) (0). Pa #11), 
Pyi2=2 *(A)), Ja Waites 20 ode | pres Te (oo) | 


We have seen in VII.1.2, that using P, as a base point for g: M > J(M), the 
vector X of Riemann constants is given by 


where T is the period matrix for the canonical homology basis constructed 
in VII.1.1. We shall show that the 4; are holomorphic functions of the entries 
Tu Of IT. We will accomplish this by expressing the function z in terms of 
-functions. 

The function z e .#(M) is characterized (up to a constant multiple) by 
the property that it has a double pole at P,,, 5, a double zero at P,, and is 
holomorphic and nonzero on M \{P2g+2}. We will produce such a function 
in terms of 0-functions. One main tool will be the Riemann vanishing 
theorem, and our explicit knowledge of the images in J(M) of the Weier- 
strass points on M. 


VII.4.2. We shall see that there are many ways to proceed. We begin with 
the point of order 2 


P(P; Ps P7: Pogis) + XH = o(P, Ps) = oP), 


by virtue of (1.2.1) and the fact that o(P?) = 0 for every Weierstrass point 
P on M. We have computed (P3) in VIL1.1: 


O(F,) = Hn +e 4+ e”). 
Similarly, 
N a ae a) +4 = P(P29+2P3) = a(a? IE c: 
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We also observe that 
UP pe Pa Poe) = 0 = i(Pag42P5P7 P3541) 


(compare with VII.1.4). We now consider the multiplicative function 

9 LOMO a PT 
Pred tr ones: o | (PCP) 
ee SO eae) 

0 

f eae o [ePm 


According to Theorem VI.2.4, the numerator vanishes precisely (it does not 
vanish identically by Theorem VI.3.3) at P4, P;,P7,...,P2,4, and the 
denominator at P,,,5, Ps, P7,..., P2,4,. In particular, the function (4.2.1) 
vanishes to first order at P) and has a simple pole at P,,,, and is 
holomorphic and nonzero elsewhere. Examining the multiplicative behavior 
of the above function, we see that 


(4.2.1) 


ORO 89.0 
ELAN Mr o eem 

ti PUORO 0 
a ep ag o |CP) 


is a meromorphic function on M with divisor Pi P342. Hence 
Jeez CECO. 


The constant c is evaluated by f(P,) = cz(P,) = c. Thus we see that 


A E e Gi 0 
pa f a o (eem 
AEAT 0 
Aena n 
and 
ar i i = o Genel 1 0 o [eem 
AP) = 
Th o i ORO 
a 1x0. Gen )e 1 0 o CPD 
RONO EO ROO 0 
al Jel [oun 
LA (hg a ee 0 
> plo rl TU patie B24) 
Tt id Fad eb beatin each a 


(the last equality by VI(1.4.5)). 
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Setting P = P,,, we get from (4.2.2) formulae for 4;. These formulae are 


useful only for 
pele. 476; 822 2g = 2. (4.2.3) 


For other values of j, both the numerator and denominator vanish. While 
the limit can be calculated to obtain À; the calculation involves the normal- 
ized abelian differentials of the first kind. For the values of j given in (4.2.3), 
nice formulae for A; can be obtained in terms of 6-constants only. For 


example, 
Bae baie anit: | ae Carus an eert 
ee LA ae a (Di rl gc 
omo URE a0 Se CL 
E O 0 E o 
By replacing the point of order 2 that started this whole procedure (for 
example, use 
P(P, P3 P3: Pags) + A 


instead of 
PRIES R ESEA) ie ae 


we can get similar formulae for 4; for the other values of j. We have hence 
established the following 


Theorem. The branch points of the two sheeted representation of a hyper- 
elliptic Riemann surface are holomorphic functions of the period matrix. 
Furthermore, the hyperelliptic surface is completely determined by its period 
matrix. 


VII.4.3. The fact that there are many ways to express the function z in 


terms of 6-functions leads to useful and interesting relations among 6- 
constants. We will, however, not pursue this fascinating subject. 


VII.S. Examples of Prym Differentials 


On the hyperelliptic surface M 


2g=1 
w? = 22-1) ea gah, 
k=1 
the differentials 
Be dz z971 dz 
Wee w 


form a basis for abelian differentials of the first kind. 
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On M we can construct (locally) the function y given by 


2935 


y =z(2 = 1) ep, 
= 


and (locally) the differentials 


az Z dz ie i de 
y y y 
Continuation of these differentials along the curves a,,..., Ge Die DNE 


of Figure VII.1 (interpreted correctly) leaves them invariant. However, con- 
tinuation along b, leads to a change of sign. We have hence constructed a 
basis for the Prym differentials with characteristic [9 ::. 9 9] as defined 
in HI.9. 

The fascinating relation between the lifts of these differentials to a smooth 
two-sheeted cover and the theory of moduli will have to be pursued elsewhere. 


VII.6. The Trisecant Formula 


Although a purist might object that we are no longer considering examples, 
we will proceed nevertheless. The formula in the title of this section has 
turned out to have remarkable applications. 


VII.6.1. The notation is the same as in Section VII.2. Let « be a non- 
singular element of the theta divisor, © (thus 0(a) = 0 and (00/0z;)(«) # 0 for 
at least one integer j, 1 < j < g). For any such a, and any four points P}, 
..., P, on the Riemann surface consider the following expression: 


O(a + JP)O(a + fe) 
O(a + fk) O(a + i) 


In the above formula f is used as an abbreviation for ọ(P)— e(Q) to 
emphasize the independence of this difference on the base point for the map 
ọ. In the above expression for A, we may think of the four points P, as being 
fixed. It is more useful, however, to think of the last three points as fixed 
and the point P, as a variable point on the surface M. We hence view 4 as 
a multivalued meromorphic function of P, on the surface M. When the 
point P, is continued over cycles the expression picks up multiples by an 
exponential. We leave for the reader the task of computing the multipliers. 
The multivalued function 4 has a zero at P, = P, and a pole at P, = P,. If 
we restrict P, (and choose P,, P}, and P, also) to lie in a fundamental 
polygon for the surface (or in a simply connected region whose closure is 
the surface), then the value of the function (now single-valued) at P, = P3 is 
one. 


= 1(P,,P2,P3,P4). 


352 VII Examples 


The above properties suggest calling 1(P,,P,,P;,P,) the generalized cross 
ratio of the four points (taken in the specified order). We (should) quickly 
remark that it is possible for the expression not to be well defined (the cases 
resulting in either the numerator or denominator of the formula defining À 
vanishing) for a given « and a given set of four points (without the use of 
some limiting procedure). However, if we are given a and a set of three 
generic (we will not define this term here) points P,, P}, P4, on the surface 
M, there are at most g — 1 points P, on the surface where J is not well 
defined. It is therefore not too hard to show that the generalized cross ratio 
of the four distinct points can always be defined. This expression would not 
be of much use if it were to depend on the point «. Our next result shows 
that this is not the case. 


Theorem. The multivalued function A(P,,P2,P3,P4) is independent of the point 
a used to define it. 


Proor. Let « and f be two distinct elements in the nonsingular set of the 
theta divisor. Consider the quotient of the two expressions, one formed with 
a and the other with $. This quotient is easily seen to be a (single-valued) 
meromorphic function of P, on the surface. It however has no zeros or 
poles and is therefore a constant. The constant is one since at P, = P; each 
of the two expressions has value one. 


Consider now the meromorphic function G on the Jacobian variety 
J(M) of the surface M given by (we are now fixing the four points P,, P,, 
P}, P,) 


_ Olz + froe + fE) 


= r 2 e Cs; 
O(z + [20E + fE) 5 


G(z) 


The reader will easily confirm that G(z) is actually a meromorphic function 
on the torus J(M) and that therefore the function 


is also such a function which however vanishes on the theta divisor (by the 
previous theorem). 
If we now multiply h by the denominator of G we find 


o(a [ofe [Jo 
=o(z+ Í JC fi) -enrere [ofe f 


In particular, we find that the right-hand side vanishes for z € @. It thus 
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follows that 


O(z + Jrs)O(z + fe) — APPa, P3, Pa)O( + SEDO + fE) 
0(z) 
is a holomorphic function of z on C? but not on the torus. If we check, its 
behavior on the torus though we find that it has the same multiplicative 
character as the function 0(z + fp! + fp) and therefore must be a constant 
multiple of this function. This last point follows from the fact (which we 
have not proved here) that the dimension of the space of holomorphic 


functions on C’ with the given multiplicative behavior is one. It thus follows 
that 


(z -| Jof +| ') J APs PasPs.Pa)0( 2 i [of z (>) 
Ta (z if | E i 
P, P, 


for some constant c. The preceding is an identity for all values of z. In 
particular, if we set z = « — fp; we find that 


O(a — fpi) + fe) 
O(a — fe: + fpi)O — Jot + Jes) 
The evenness of the theta function and the fact that the expression 
defining A is independent of the point « in the theta divisor gives us 


—A(P,,P-:P3,P4) = cA(P,,P2,P4,P3). 


—A(P,,P>,P3,P4) =C 


We have therefore proved the following 


Theorem. Let P,, i = 1, ..., 4 be four distinct points on a compact Riemann 
surface of positive genus. Then the following identity holds: 


Py 3 Py P3 
(z + | )o( + i ) —- UP, Pa Ps P.)O (2 + | Jol: + | ) 
P> P4 P4 P2 


P P; P3 
f _ A(P1,P3,P3, Daoo(2+ | ae | ) 
A(Pi,P2;P4;P3) P, P4 


In order to make use of this result we need to undertake a careful study 
of the possible cross ratios of four points; in other words, how the order of 
the points affects the cross ratio. If we denote the expression A(P;, P, P;,P,) 
by Ain it follows immediately from the definitions that 


Aju = Ajitk = Axtij = Atxji- 


In addition, we also see that if we denote 4,534 by 4 and 21342 by u and 
finally A1423 by Y3 then A1432 = 1/A, A1243 = 1/p, and A1324 = 1/v. 
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The reader can now easily check that 
_ Ola + feola + Jes)O(x + fP) 
O(a + [B)O(x + [52)O(% + JE) 
and this is clearly equal to 
O(a + fr) + f0 + Ja) 
O(a — Jps)O(a — Jp2)O(a — fee)’ 
Let us now consider the case of «, a nonsingular point of order two, in 
the theta divisor and write æ = I(e'/2) + t(e/2). By the exercise preceding 
Section VI.2.6 and the fact that fp: + ff: + ff? = 0 (when all integrations 


take place along paths lying inside the fundamental polygon) we get that 
the above expression is equal to —1. The same argument, in fact, shows 


that for « as above, 
P; Pi, 
Lele) 
u P, H P/A 


= J 


“AIAN 


We have therefore just proved the following: 


Lemma. With 4, u, and v defined as above, we have Auv = — 1. 


Let us now return to our theorem which gave us the fundamental 
identity. In view of the lemma we have just proved we can rewrite the 
theorem and replace the quotient —A1234/41243 Which appears there by 
—Au. This by the lemma is simply 1/v, which is AADA 

For the convenience of the reader we rewrite the theorem in this new 
notation as 


P; P3 P; P3 

o(z+ Í Jo(e+ f )=Arrsaa(e+ f Jo(e+ f") 
tasast + | +| j 

P2 P4 


The above formula is known as the trisecant formula. It has been shown 
to be a very useful formula. Here we content ourselves with an application 
to the case of genus 1 with period t in the upper half-plane. 

We can clearly choose a torus and four points on it so that [pri 

p? = 1/2, and such that frt = (1 + 1)/2. This is the usual choice of the four 
points of order two in the period parallelogram. If we now substitute this 
into the above formula and use the identity in the exercise preceding 
Section VI.2.6 we find that it reduces to the well-known elliptic theta 
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identity 


0 0 1 1 0 0 
0? H (0)6? la (z) = 0? H (0)6? H (z) + [Jo Ho 


By setting z = 0 this now becomes a theta constant identity. We are now at 
the beginning of another story; material for another book. 
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This text covers Riemann surface theory from elementary aspects 
to the frontiers of current research. Open and closed surfaces are 
treated with emphasis on the compact case. Basic tools are devel- 
oped to describe the analytic, geometric, and algebraic properties 
of Riemann surfaces and the Abelian varieties associated with 
these surfaces. Topics covered include existence of meromorphic 
functions, the Riemann-Roch theorem, Abel’s theorem, the Jacobi 
inversion problem, Noether’s theorem, and the Riemann vanishing 
theorem. A complete treatment of the uniformization of Riemann 
surfaces via Fuchsian groups, including branched coverings, is 
presented. Alternate proofs for the most important results are in- 
cluded, showing the diversity of approaches to the subject. For this 
new edition, the material has been brought up-to-date, and errors 
have been corrected. The book should be of interest not only to 
pure mathematicians, but also to physicists interested in string 
theory and related topics. 
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